Separation of pyrite from arsenopyrite by flotation by Sirkeci, Ayhan Ali
SEPARATION OF PYRITE FROM ARSENOPYRITE BY FLOTATION 
by 
AYHAN ALI SIRKECI, B.Sc. 
A thesis submitted for the degree of Doctor of Philosophy of the 
University of London 
and for the 
Diploma of Imperial College of Science, Technology and Medicine 
Department of Mineral Resources Engineering 
Royal School of Mines, Imperial College 
University of London 
December 1992 
Abstract 
This thesis reports investigations into the flotation separation of pyrite from 
arsenopyrite using xanthates and the new collectors Fl , S7 and F2B developed by 
Dow Chemical Company. The Dow surfactants were classified as chelating 
collectors by the manufacturer. For this purpose Hallimond tube, bench and 
column flotation tests were run in order to assess the flotation behaviour of these 
minerals. In addition to these experiments other tests performed were adsorption 
characteristics of Fl on pyrite and arsenopyrite, the effect of Fl on 
electrophoretic mobility and surface tension of Fl solutions. 
The effect of pH on the recovery of pyrite and arsenopyrite was studied for all 
collectors with the Hallimond tube. pH values ranging from 2 to 12 were tested 
at constant collector concentrations. At the optimum pH values further 
experiments were carried out under varying collector concentrations. The results 
obtained for five different collectors showed that selectivity was rather poor at all 
conditions except for Fl . A successful separation was seen to be possible 
employing Fl and by floating pyrite. This was proven by using a mixture of 
equal amounts of pyrite and arsenopyrite and selectively floating pyrite. 
Bench and column flotation tests were carried out in order to confirm the results 
obtained with the Hallimond tube. A Denver flotation cell was used and a 
column cell was constructed. In these tests Fl was used as a collector and in 
some cases amyl xanthate was blended. The effect of collector concentration was 
monitored and other parameters were adjusted for an optimum separation. 
Observations showed that a selective flotation of pyrite from arsenopyrite could 
be possible. 
Adsorption characteristics of Fl on pyrite and arsenopyrite were studied as a 
function of collector concentration, pH and time. Though there was not a direct 
correlation between the amount of Fl adsorbed and the success of flotation, in 
general pyrite was found to adsorb more Fl than arsenopyrite. Electrophoretic 
mobility of pyrite and arsenopyrite against pH and collector concentration was 
measured. It was observed that Fl did not have a substantial effect on the 
electrophoretic mobility of these minerals. The measured pK value of Fl 
indicated that most of the collector in solution was in molecular form above pH 
9.2. 
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Introduction 
Pyrite (FeS2) is the most abundant mineral within the sulphide group. It is 
generally regarded as a worthless product of ore processing plants and unless it 
contains some valuable metals such as gold and silver it is treated as tailing. 
Nevertheless, there are some areas that it is widely used in industry such as for 
sulphur and sulphuric acid production. For instance in 1982, 50 million tonnes of 
pyrite were used in sulphuric acid production [Jones, 1987]. However, native 
sulphur has now replaced pyrite in most cases [Gribble, 1988]. There are also 
some interesting studies for pyrite utilisation such as in coal liquefaction 
[Yokoyama et al., 1986], in the concrete industry [Babin et al., 1984] and in 
arsenic removal [Peterson and Twidwell, 1985; Maltsev et al., 1985]. 
O 
Pyrite has a cubic crystal structure with a cell edge of 5.418 A [Ramdohr, 1969]. 
Sulphur atoms are located at mid points of the cube edges and at the cube's body 
centre as pairs, iron atoms are found at the face centres and comers of the cube. 
The iron and sulphur weight content is 46.55% and 53.45% respectively where 
the molar ratio S/Fe is 2. Pyrite shows variable stoichiometry changing from 
FeSj 94 to FeS2.oi and has a theoretical density of 5.012 g/cm^, different 
compositions lead to density measurements between 5.000 and 5.025 g/cm^ 
[Smith, 1942]. Sulphur deficiency in pyrite may be explained either by sulphur 
vacant sites or by the replacement of sulphur by Fe atoms [Peacock and Smith, 
1946]. 
Sulphides of copper, zinc, lead and arsenic are commonly associated with pyrite 
[Ramdohr, 1942; Deer et al., 1965] and also some small amounts of related 
metals may be found chemically bounded in the structure of pyrite [Deer et al., 
1965]. The conductivity of pyrite shows differences depending on the Fe/S ratio 
and impurity content [Deer et al., 1965; van Gool, 1966]. It is reported that [van 
Gool, 1966] sulphur rich samples are p-type while an iron excess causes n-type 
semiconductivity. In some instances, the presence of impurities can outweigh the 
influence originating from the non-stoichiometry of resident atoms and hence it is 
difficult to predict the conductivity of a specimen. 
Arsenopyrite (FeAsS) is the most abundant arsenic-bearing mineral but is often 
considered to be of negligible economic importance. This is because there is 
only minor arsenic consumption (around 50000 tonnes of AS2O3 world-wide), 
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mainly used in the insecticide industry [Gribble, 1988]. Arsenic is found nearly 
everywhere in nature mainly in low concentrations. Mineralogically it can occur 
in an ore body as sulphides, sulphosalts and oxidised minerals in varying 
proportions [Gonzales and Monhemius, 1988]. Unfortunately arsenic is 
environmentally hazardous due to its carcinogenic and poisonous characteristics. 
Increasing emission of this element through exploitation of precious and base 
metal ores has given rise to concern about dangerous concentrations in the 
ecological system. In Table 1 the main sources of arsenic emission into the 
environment are shown [Nriagu and Pacyna, 1988]. The global arsenic discharge 
approximates to 140000 tonnes a year. 
Table 1.1. Estimated arsenic emissions to the environment in 1983. 
Source Category Arsenic Emission (t/year) 
Coal Combustion 
Electric Utilities 232-1550 
Industrial and Domestic Use 198-1980 
Lead Production 780-1560 
Copper-Nickel Production 8500-12750 
Zinc-Cadmium Production 230-690 
Steel and Iron Manufacturing 355-2480 
Municipal Refuse Incineration 154-392 
Cement Production 178-890 
Wood Combustion 60-300 
Domestic Waste water 3000-15300 
Smelting and Refining of 
Non-ferrous Metals 1000-13000 
Wastage of Commercial Products 36000-41000 
Mine Tailings 7200-11000 
Smelter Slags and Wastes 4500-9000 
Arsenopyrite has a monoclinic cell structure and its density is around 6.1 g/cm^. 
Though the ideal chemical composition is 46.01% As, 34.30% Fe and 19.69% S, 
its stoichiometry, like pyrite, is subject to variation from FeAsQ.gSi i to 
FeAsx.iSo.9 with the deviation in Fe content being less than 1% [Wakamatsu and 
Nakahiro, 1986]. Within numerous mineral deposits pyrite is commonly 
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associated with arsenopyrite [Morimoto and Clark, 1961; Kretschmar and Scott, 
1976]. Figure 1.1 shows the minerals in the Fe-As-S system [Clark, 1960]. 
Arsenopyrite 
FeAsS 
Pyrrhotite 
"^-xS 
Pyrite, Marcasiti 
FeS^ 
Sulphur Orpiment 
AS2S3 
Realgar 
AgS 
Loellingite 
FeAso 
As 
Arsenic 
Figure 1.1. The minerals formed in the Fe-As-S system (reproduced after 
Clark, 1960). 
The association of gold with pyrite and arsenopyrite is the main factor that 
renders exploration for and processing of these minerals worthwhile. 3.65% of 
the estimated world gold reserves are auriferous iron sulphide type deposits 
[Bache, 1987]. The mode of occurrence of gold in pyrite and arsenopyrite has 
been an important area of research. Gold may be present in these minerals as 
free gold, locked gold, occluded gold and lattice-bound gold giving rise to 
contents as high as 488 and 2700 g/t respectively [Swash, 1986]. At Giant 
Yellowknife gold was observed to fill fractures in arsenopyrite forming a thin 
coating on the crystal surfaces and pyrite was found to contain gold inclusions as 
well as gold in solid solution [Coleman, 1957]. Clark [1960] examined gold 
diffusion through arsenopyrite at temperatures around 600-700°C and found that 
small amounts of gold in solid solution exsolved subsequent to cooling. It was 
observed that invisible gold became visible under the microscope on heating 
polished surfaces of gold-containing sulphide minerals at 600°C [Coleman, 1957; 
Jorelemon, 1951]. On the other hand, Schweigart [1965] attributed the concepts 
about solid solution of gold in sulphides to other researchers being unable to find 
any gold in any other state. He went on to say that fine grinding or roasting 
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exposes finely disseminated locked gold particles and could improve gold 
recovery by conventional cyanidation techniques. Boyle [1979] suggested that 
the alteration in the strain energy of the arsenopyrite crystal structure during 
thermal processes was due to gold in solid solution or within atomic layers on the 
growing crystal faces. 
Minerals always exhibit distinctive physical and chemical characteristics and 
some of these allow large scale separation. Such techniques as magnetic, 
electrostatic, gravity and flotation separation have been developed as a result of 
exploiting subtle differences in the degree of magnetic susceptibility, 
conductivity, density and surface hydrophobicity of the minerals. The success of 
a separation method, if operational conditions are disregarded, depends mainly on 
three factors; particle size, liberation degree and the property difference between 
minerals. 
Particle size and the degree of liberation are closely related to each other and 
depend on the degree of inter growth between the minerals. The smaller the 
liberation size the finer the ore is required to be ground. After grinding, all the 
particles are not in a fully liberated state, hence partially liberated valuable 
particles reporting to the tailing may cause a drop in the recovery. In turn 
unliberated sulphide carrying unwanted gangue will dilute the concentrate and 
decrease the overall grade. Attaining a sufficient degree of liberation is an 
important parameter to yield an acceptable grade and recovery. On the other 
hand over grinding is not desirable since a considerable amount of ultra fine 
gangue particles will be produced and through entrainment will report to 
concentrates. 
In the past high grade ores were preferentially mined and have gradually been 
depleted. As a result of this policy vast amounts of low grade, complex ore 
deposits have remained. Therefore, lower grades and metallurgically complex 
ores have led to a problem in the exploitation of these deposits. The old 
conventional processing methods have required refinement and modifications. 
One new method which has been adopted in this century and has attracted an 
immense amount of attention is flotation. Efficient concentration of particles 
down to 5 |im is made possible using flotation techniques. 
The separation of a mineral can be succesfully effected if it has significant 
differences in physical properties. For example, galena from quartz; and 
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scheelite from calcite can be separated by using shaking tables. It is also easy to 
concentrate magnetite from quartz with magnetic separation techniques. 
Electrostatic separation can be used for the separation of zircon and rutile in 
beach sand deposits. In reality minerals possessing distinctive properties are 
unfortunately not always associated. Even if they are found in the same ore 
body, their liberation size may place serious restrictions on the separation options 
to be considered. Features such as magnetism, conductivity and density are 
permanent properties of a mineral and, with some exceptions, they can not be 
altered. Yet, surface characteristics of a mineral may be modified such that the 
mineral becomes hydrophobic or hydrophilic. This flexibility of the flotation 
technique has made it unique among other mineral concentration processes. 
Gravity concentration methods have been exploited widely for many years and 
most probably these were the first techniques applied in mineral processing. In 
order to evaluate how easy the separation may be, Taggart [1947] proposed an 
empirical formula which is called the concentration criterion, p)/(cy% -^p), 
where Ofj is the specific gravity of a mineral with high density, O l is the specific 
gravity of a mineral with low density and p is the specific gravity of separation 
medium. With pyrite and arsenopyrite k is found to be around 1.25. According 
to Taggart k<1.25 corresponds to an inefficient separation at any size unless a 
heavy medium is employed. No practical heavy medium of density 5 g/cm^ is 
known. 
Similarly neither electrostatic nor magnetic separation could be a solution for 
pyrite-arsenopyrite separation. Magnetically they possess very similar 
characteristics and their susceptibility is too low to allow an efficient magnetic 
separation. Also the fact that both minerals are conductors eliminates the 
possibility of an electrostatic separation. Also this technique finds no practical 
application below 100 |im and would require dry feed material to prevent the 
adverse effect of moisture on conductivity and agglomeration. 
It is the flexibility of flotation that makes it such a versatile and useful technique 
in which the ore to be processed can be tested using a set of chemicals and 
conditions. For instance, pH can easily be changed, pulp potential can be 
adjusted so as to create oxidising or reducing conditions, surface charge can be 
rendered positive or negative thus optimising collector adsorption and so on. 
Where separation is not effected successfully with existing collectors, different 
regulators could be employed and the conditions adjusted accordingly. 
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Difficulties start where none of these modifications works satisfactorily. When 
this occurs one remedy is to develop new reagents. 
Many investigators have examined the flotation behaviour of pyrite yet little 
work has been done on arsenopyrite flotation or on the pyrite-aisenopyrite 
system. The majority of the work reported in the literature is associated with the 
use of thiol type collectors, in particular xanthates. Pyrite recoveries over 90% 
may be easily achieved with xanthates in many flotation applications, but as 
pyrite is an unwanted impurity, its flotation is generally not desired and in some 
cases a lot of effort is expended to depress it. Wherever two minerals with 
similar flotation behaviour are to be floated selectively serious problems usually 
result. Pyrite and arsenopyrite are an example of such a case in that their 
response to flotation with xanthates is almost identical. Therefore, selective 
flotation is very difficult even on laboratory scale and has not been accomplished 
successfully on a large scale in the mining industry. 
The efficient separation of those two minerals could be important because: (a) 
arsenic is a hazardous element for living organisms and it is of prime importance 
to dispose of this element safely, (b) arsenic is an undesired substance in 
sulphuric acid which may be produced from pyrite. (c) where arsenopyrite 
associates with the majority of the gold in an ore, for example, reducing the 
pyrite level in the concentrate may considerably decrease the cost of 
transportation, metallurgical operations, reagents, etc. 
It has been known for many years that surface properties of minerals could be 
exploited for their selective separation. Early experimental studies started in the 
second half of the 19th century with oil flotation. A substantial improvement in 
the flotation technique took place after 1910 with the introduction of soluble 
organic compounds containing trivalent nitrogen or bivalent sulphur and further 
improvements followed with the introduction of selective depressants in the next 
decade [Glembotskii et al., 1963]. 
The application of thiol type collectors, especially xanthates, has been 
particularly successful in sulphide mineral flotation. Yet they are not necessarily 
efficient when minerals showing similar surface characteristics are processed. 
Ethyl xanthates, which are short chain hydrocarbon compounds, may offer good 
selectivity but some sacrifice in recovery is generally inevitable. On the other 
hand, analogous longer chain hydrocarbons provide high recoveries with poor 
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selectivity. The Dow Chemical Company, in response to these difficulties, have 
carried out an extensive research program v/hich has produced a number of new 
collectors for sulphide mineral separations. Klimpel focused on the investigation 
of these novel collectors and their applications. He took recovery as a criterion 
for the effectiveness of a given collector and also measured the kinetics of 
flotation and stated the importance of the rate factor particularly when reaching a 
decision about the performance of two collectors exhibiting similar recoveries 
[Klimpel et al., 1986; Klimpel 1984; Klimpel, 1987] 
A successful separation of pyrite from arsenopyrite is still an outstanding and 
challenging issue. This study, therefore, investigated a way to achieve an 
optimum separation by flotation. For this purpose the flotation performance of 
the new series of collectors, which were donated to the project by the Dow 
Chemical Company, was studied. Furthermore the interaction mechanism of the 
most promising collector was investigated. Although pyrite and arsenopyrite are 
usually found in ore bodies with a number of associated minerals, this work 
initially looked at the behaviour of the individual minerals. It was anticipated 
that this would shed light on the flotation mechanism of the two minerals and 
open the way to an efficient separation process. 
It is well known that the results obtained with a small scale flotation apparatus 
such as a Hallimond tube are never fully reproducible on an industrial scale 
flotation plant using identical reagent conditions. The reason for this deviation 
lies in the complexity and the differences in the parameters of the industrial 
systems such as bubble size, viscosity, froth movement, agitation, etc. Bench 
flotation data may not be reliable enough to reach an ultimate conclusion on the 
optimum reagent regime. However, there is little choice in the laboratory 
conditions and in this investigation standard Hallimond tube, Denver and column 
cell flotation tests were run. 
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2.1. Review of Surface Characteristics of Sulphides 
2.1.1. Introduction 
A mineral can only be floated if its surface has reached an adequate level of 
hydrophobicity. In nature with a few exceptions, such as molybdenite, talc, 
graphite and native sulphur, mineral surfaces are hydrophilic in character. What 
is expected from a collector is to adsorb on a hydrophilic surface selectively so as 
to render it hydrophobic. From this point of view, adsorption processes are of 
fundamental importance in flotation. There can be a number of factors governing 
adsorption process such as hydrophobic interaction, lateral interaction, van der 
Waals forces, electrostatic interaction, covalent bonding and hydrogen bonding 
[Moudgil et al., 1987; Fuerstenau and Raghavan, 1976; Laidler and Meiser, 
1982]. It has been customary to group these in terms of physical and chemical 
adsorption. Chemisorption may be best characterised by covalent bonding that 
results from electron transfer or ion exchange between two phases, i.e. mineral 
surface and collector, and the associated high heat of adsorption. On the other 
hand, bonds formed by physisorption are weak in structure and have low 
adsorption heats. Electrostatic attraction and van der Waals interaction are the 
well known examples of the physisorption process. 
A solid surface immersed in a liquid phase acquires a net positive or negative 
charge. Differential dissolution of ions from a crystal lattice, disassociation of 
surface species, ion adsorption from aqueous solution and defects in the crystal 
lattice of a solid are the main driving forces that build up a charge on a surface. 
These mechanisms are discussed in detail by Hunter [1989a, b]. The difference 
in the solubility of Ag+ and T ions, for example, causes the surface of Agl to 
possess a negative charge. The effect of pH plays an important role in oxide 
mineral surfaces as in the case of following equation, 
rr+ OH~ 
MOH2+ < ) M-OH ( ) M(0H)2" 2.1 
the surface is positively charged in excess of hydrogen ions and negatively 
charged as the pH is increased. Selective adsorption of some ions from the 
solution may also help a surface establish its charge. Ions which have an effect 
on the surface potential are called potential determining ions. These can be the 
lattice ions of the substance as well as hydrogen and hydroxyl ions in the 
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solution. Some sheet silicates may contain substituted atoms such as aluminium 
that has a different valency from the silicon atom in the structure. Since the 
valency of silicon is four and that of aluminium is three for every silicon atom 
substituted a monovalent or divalent cation should enter the structure in order to 
maintain electroneutrality. While in an aqueous phase these cations diffuse into 
the bulk of the solution leaving the surface with a permanent negative charge. 
The surface charge of such planes are not effected by the concentration of these 
cations and it is constant [Gaudin, 1957; Miller and Calara, 1976]. 
The positive or negative charge which develops on a solid surface in aqueous 
solutions is balanced by ions carrying an opposite sign of charge that are called 
counter ions. If the adsorption of counter ions on to the surface is derived by 
electrostatic forces only, in this special case these ions are called indifferent 
electrolytes. However, adsorption of an ion could be governed by other factors 
apart from electrostatic interaction such that anchoring of an ion upon a charged 
substrate with the same sign as the ion may well be possible. Those ions are 
called surface active ions and have a special affinity for the surface. In flotation 
special adsorption of the collector is a necessity to induce differential 
hydrophobicity. 
The most well known equation giving a relationship between the surface tension 
and the amount of adsorbate at interfaces is the Gibbs adsorption equation. 
Under conditions where temperature is constant and the adsorption of the solvent 
is assumed to be zero the equation is written as follows [Hunter, 1989 a]; 
-dT^EFidiii 2.2 
where F is adsorption density, dy is the change in surface tension and djXi is the 
chemical potentials of species. 
This equation has been successfully applied to the systems of liquid-liquid or 
liquid-gas interfaces where surface tension can be easily measured. Since surface 
tension measurements of solid-liquid interfaces are practically impossible, 
applicability of this equation is restricted. However, adsorption density (F) of a 
species on a solid surface can be determined and so that dy can be calculated. 
The relationship between the amount of species adsorbed on to a surface and the 
equilibrium concentration of species, either in gas or solution phase, is expressed 
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in terms of adsorption isotherms. Depending on the type of this relation, 
different adsorption models have been proposed by various investigators such as 
those of Langmurr, Bruner-Emmetant-Teller, and Freudlich. Langmuir's 
adsorption isotherm is a simplistic one which assumes a monolayer occupation of 
species, equal affinity for every adsorption site and that the heat of adsorption is 
independent of surface coverage so that any interaction between the surface 
species is not taken into account. The equation for solid-liquid interfaces can be 
written in the form, 
:2.3 
where r| is the surface coverage, Xj is the equilibrium concentration of surfactant 
in solution and K is the adsorption equilibrium constant [Hunter, 1989a]. In 
flotation studies adsorption isotherms are generally fitted to the Langmuir's 
model. 
Solid surfaces in contact with a polar liquid phase acquire a surface charge and 
this charge is balanced by the counter ions in the solution. This arrangement of 
the charges is called the electric double layer. Helmotz was the first person to 
conduct theoretical studies about the nature of the double layer [Hunter, 1989 a]. 
His model simply consisted of two layers of unlike charges situated with respect 
to each other as seen in Figure 2.1. However, this model was not realistic since 
in the solution, ions of opposite charge to the surface are accompanied to some 
extent by the ions of the same charge. 
+ 
+ 
+ 
Solid Surface + 
+ 
+ 
+ 
+ 
Aqueous Solution 
Figure 2.1. Distribution of charges across a solid surface and solution 
according to Helmotz's model of double layer. 
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Later Gouy (1910) and Chapman (1913) coined the idea of diffuse double layer 
and their starting point was the Poison-Boltzmann equation [Hunter, 1988]. 
According to their model potential drop is an exponential function of distance 
from the charged surface into the bulk of the solution as shown in Figure 2.2. 
% 
a 
I 
Ph 
^ Distance From Surface 
Figure 2.2. The decay of surface potential with respect to distance from the 
surface after Gouy and Chapman. 
Gouy-Chapman's approach, however, suffered from such assumptions that all 
ions were point charges, dielectric constant was independent of the position from 
the surface, and surface charge was evenly distributed over the surface [Aveyard, 
1973]. 
Stem (1924) realised that ions were not point charges and therefore could not 
approach a surface closer than their ionic radius. A finite approach suggested 
that there should be a charge free region with a thickness of a radius of a single 
or hydrated ion [Hunter, 1988]. This layer of ions tightly bound to the surface is 
called the Stem layer. Hence, abmpt changes in permittivity are observed across 
the double layer. According to this model the decay of potential between a 
surface and the interior of solution can be characterised as in Figure 2.3. 
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0 
Diffuse Layer 
Distance From Surface 
Figure 2.3. The distribution of potential into the interior of solution 
according to Stern's model. OQ and are the potentials on the surface and 
the Stern plane respectively. 
I.H.P 
O.H.P. 
Difiuse Layer 
Distance From Surface 
Figure 2.4. Potential distribution across the double layer after the 
modification of the Stern layer by Graham. 0^^ and are potentials on the 
I.H.P. and O.H.P. respectively. 
Graham (1947) further modified Stem's double layer model adding the concept of 
a specially adsorbed ion. So that the Stem layer consisted of two successive 
hypothetical planes parallel to the surface which are called the inner and outer 
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Helmotz planes. Specifically adsorbed ions are at least partially dehydrated and 
the first plane passing thorough the centre of these molecules forms the inner 
Helmotz plane (I.H.P,)- Non-specifically adsorbed hydrated ions can situate at a 
certain distance from the surface determined by the surrounding water molecules. 
It is assumed that the centre of these ions constitute the outer Helmotz plane 
(O.H.P.) so that there is a second charge free region between I.H.P. and O.H.P. 
Potential distribution across the double layer is demonstrated in Figure 2.4 
[Aveyard, 1973; Hunter, 1988; Hunter, 1989a] 
Direct measurement of the surface potential is, for the time being, impossible. 
However, if a solid phase is moved with respect to the liquid phase a number of 
measurable phenomena are observed that are called electrokinetic effects [Hunter 
1988]. These effects reflect the nature of potential or charge at a plane away 
from the surface which is known as the "shear plane". The location of the shear 
plane can not be determined precisely but it may be correct to define it as the 
border between rigid immobile adsorbed species and the liquid phase. Its 
distance from the surface varies depending on the density of adsorption and it is 
usually between 1 and 3 radii of adsorbed ions [Aveyard, 1973]. In colloid 
science the average potential on the shear plane is given the name zeta potential. 
Depending on the relative motion of the solids, four distinct processes can be 
distinguished; electrophoresis, electroosmosis, streaming potential and 
sedimentation potential. 
Electrophoresis: When a potential difference is applied across an electrolyte 
solution, suspended particles in that system will be forced to move with varying 
velocities according to their net surface charge. Measurement of the velocity of a 
particle provides information about its net electrical charge. This velocity with 
respect to the external potential applied is known as electrophoretic mobility. 
Electrophoretic mobility is related to the zeta potential and the point at which the 
zeta potential is zero is known as the isoelectric point. 
Electroosmosis: In this case the charged surface is kept stationary and an applied 
electric field forces ions in the diffuse layer to migrate towards the oppositely 
charged electrode. The movement of the ions also carries with it co-ordinated 
water molecules so that the amount of water transferred gives an indication of the 
net electrical charge on a surface. 
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Streaming potential: The previous two processes involve applying an electric 
field and observing the movement imposed on the particles or liquid phase. 
Whereas in the case of streaming potential liquid phase is forced to move through 
a porous plug or capillary. The mobile charge accumulated on the surface is 
carried away to one end in the direction of liquid flow. In order to counter 
balance this action an electric current is induced spontaneously in the opposite 
direction of the transport. Electric current produced in this way is related to the 
pressure applied on the fluid and the potential on the surface of the charged 
structure [Hunter 1988]. 
Sedimentation potential: This technique measures the potential set up by the 
settlement of charged particles under the effect of forces such as gravitational or 
centrifuge. Of course the measured potential is a function of surface charge and 
the applied force. 
The study of adsorption characteristics and electrokinetic behaviour of minerals 
is a requisite to understanding flotation phenomenon, however, it can not answer 
all the questions. Information such as the amount of collector deposited on a 
surface, the type of interaction, the rate of accumulation may be obtained by 
employing methods related to adsorption. For example in the presence of 
collector ions behaving like indifferent electrolytes the position of the isoelectric 
point will be the same at all concentrations. On the other hand the isoelectric 
point of a particle in the case of specific adsorption differs from that of the value 
observed in a blank solution and the surface charge may even be reversed 
following increasing collector concentration. The direction of the shift across the 
pH scale depends on whether the ion adsorbing specifically is an anion or cation. 
On the other hand anchoring of neutral molecules on a surface will have no 
influence on the electrophoretic mobility that the particle experiences in the 
absence of any surfactant. 
2.1.2. Xanthate-Sulphide Mineral Interactions 
The interaction of xanthates with the surfaces of sulphides has been studied 
extensively and it has been known that there is not a single mechanism 
responsible for producing hydrophobicity in all mineral systems. Conflict 
continues over the prevailing mechanisms and species causing hydrophobicity. 
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Xanthates can either form chemical compounds with sulphide minerals through 
chemisorption or be oxidised on the surface into dixanthogens so as to induce 
hydrophobicity. In both processes oxygen is of vital importance for the reaction 
to proceed, which can take place either in a chemical reaction, 
2PbS+202+H20 > PbS203+Pb(0H)2 2.4 
PbS2034-2R0CS2" > Pb(R0CS2)2+S203^- 2.5 
or in a mixed potential mechanism where anodic oxidation of xanthate is coupled 
with cathodic reduction of oxygen. 
2ROCS2- > (R0CS2)2+2e- 2.6 
l/202+H20+2e- > 20H- 2.7 
Plaksin and Shafeev [1963] also proposed that oxygen accepts electrons and so 
converts a sulphide mineral, e.g. galena, from an n-type to a p-type 
semiconductor. Hence adsorption of xanthate was facilitated owing to the 
electron transfer from the collector species to the p-type sulphide lattice which is 
rich in holes. This situation may even lead to the formation of dixanthogen. 
Gaudin [1958] noticed the action of oxygen during the adsorption of ethyl 
xanthate on pyrite and reported some oily droplets in the effluent solutions. He 
attributed this phenomenon to the oxidation of xanthate to some sulphur bearing 
reaction products by the action of dissolved oxygen and that pyrite behaved like a 
catalyst. Furthermore in oxygen free solutions he reported xanthate uptake 
corresponding to less than a monolayer coverage, whereas multilayer adsorption 
of xanthate was observed in the presence of oxygen. 
Dixanthogen or a metal-xanthate complex is the species responsible for 
hydrophobicity on the surfaces of many sulphide minerals [Fuerstenau and 
Mishra, 1980; Allison et al. 1972; Haung and Miller, 1978; Fuerstenau et al., 
1968; Leppinen et al., 1989; Leppinen, 1990; Persson, 1991; Wang, 1991; Cases 
et al., 1990]. Allison et al. [1972] showed that minerals having a rest potential 
more anodic than the redox potential of the xanthate/dixanthogen couple develop 
dixanthogen while others yield a metal-xanthate compound. Accordingly they 
found dixanthogen on covellite, chalcopyrite, pyrite, pyrrhotite, arsenopyrite and 
a metal-xanthate species on galena, antimonite, bomite, and chalcocite. It is 
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worth noting here that the rest potential of both pyrite and arsenopyrite is 0.22 V 
and the active hydrophobic species responsible for their flotation is dixanthogen. 
Different concepts have been postulated by investigators concerning the 
oxidation of xanthate to dixanthogen. It has been reported that and Fe3+ 
ions facilitate the conversion of xanthate into dixanthogen [Rao, 1971; Allison et 
al., 1972; Fuerstenau et al., 1968; Ackerman et al., 1987a]. M.C. Fuerstenau 
[1968], Klymowsky and Salman [1970] suggested that Fe(0H)3 accounted for 
the formation of dixanthogen according to the equation 2.8 
2X-+Fe(OH)3+6H+ > X2+2Fe2++6H20 2.8 
On the other hand, D.W. Fuerstenau et al. [1980], M.C. Fuerstenau et al. [1971], 
Haung and Miller [1978], Majima and Takeda [1968] proposed that adsorbed 
oxygen on the pyrite surface was responsible for dixanthogen formation and the 
latter authors implied the catalytic effect of the mineral surface. 
Woods [1971] studied oxidation of ethyl xanthate on platinum, gold, copper and 
galena electrodes and postulated three mechanisms for xanthate adsorption which 
were specifically adsorbed ion, chemisorbed radical and physically adsorbed 
dixanthogen. The surface acquired most hydrophobicity with the latter 
interaction and dixanthogen formed according to the following reactions. 
C2H5OCS2" = C2H50CS2(ads)+e' 2.9 
== 2.10 
= Z l l 
He also concluded that oxygen is required for the cathodic process and the 
mineral must serve as a catalyst. 
A similar mechanism was proposed by Haung and Miller [1978], 
C2H50CS2'(aq) = C2H50CS2"(surf) 2.12 
2C2H50CS2"(surf) = (C2H50CS2)2(surf)+2e- 2.13 
in which xanthate is oxidised by the oxygen adsorbed on the pyrite surface. 
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The attachment of dixanthogen onto pyrite surface has been studied by some 
investigators. Klymowsky and Salman [1970] postulated that dixanthogen is 
formed through reaction 2.8 and then chemisorbed on pyrite. Fuerstenau et al. 
[1968] also proposed chemically adsorbed dixanthogen by resonance bonding 
between the species containing sulphur in the mineral and the collector. Woods 
[1971]; Haung and Miller [1978] suggested physical adsorption for dixanthogen. 
The small value of the heat of immersion of pyrite in dixanthogen was said to be 
due to physical adsorption of this species on pyrite surface [Haung and Miller, 
1978]. 
Usui and Torun [1974] investigated whether dixanthogen was formed by the 
ferric species in the solution or directly on the surface of pyrite, by the action of 
oxygen. They reported that there was no bubble attachment and no change in the 
pyrite electrode potential at pH 9.1 when dixanthogen was added in a 
nitrogenated solution and concluded that dixanthogen would not adsorb onto 
pyrite even if it was previously formed in the solution. In contrast, it was 
observed that around the same pH potassium ethyl xanthate and ethyl 
dixanthogen performed similarly in flotation tests yielding almost the same 
recovery. However, Ackerman et al. [1987a] reported a decrease in recovery and 
rate when using diisopropyl dixanthogen as a collector for different sulphide 
minerals. 
Gochin [1971] examined the adsorption mechanism for diethyl dithiocarbamate 
(R2-NCS2") onto sphalerite and pyrite with the calorimetric technique which is 
based on the measurement of heat evolved during a chemical or physical 
interaction. He concluded that adsorption of carbamate ion was achieved through 
a chemical reaction involving iron oxides. 
A few studies have been carried out on the interactions between amines and the 
sulphide minerals [Wark, 1955; Kellogg and Vasques-Rosas, 1946]. The latter 
authors proposed that in the case of sphalerite a zinc-amine complex was 
responsible for the hydrophobicity developed whereas for galena an ion exchange 
mechanism between lead and amine ions were postulated as follows. 
PbV+2RNH3+ = (RNH3)2V+Pb2+ 2.14 
where V was proposed to be an oxygen bearing ion. 
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Later, however, Gaudin [1957]; Wark and Sutherland [1955] suggested that a 
single mechanism should account for the collection of both galena and sphalerite 
as well as quartz. Gaudin stated that only in acidic conditions can metathesis of 
the metal of the mineral occur with amine. Under basic conditions there was no 
increase in the concentration of metal ion in solution which suggested that an 
exchange reaction between the hydrogen of the surface hydroxyl and amine 
cation could take place as follows. 
OHf , + OAm 
]V[etal 
Anf 
> Metal + 
M+ M+ 
2.1.3. Oxidation Reactions on the Surface of Pyrite 
Oxidation of the sulphides may have drastic effects on different processes and 
consequently it is either encouraged or restricted depending on the nature of the 
system. In leaching, for example, oxidation can facilitate dissolution of the 
mineral or valuable metal; in flotation, however, its development may result in 
different consequences [Plante and Sutherland, 1949]. Extent of oxidation is 
important; whilst excess oxidation leads to depression of the sulphide mineral, in 
contrast slight oxidation, as noted by Glembotskii [1963], may be necessary for a 
metal-xanthate compound to be formed. Plante [1949] reported that oxidation 
generally activates many sulphides and increases their tolerance to cyanide and 
hydroxyl ions in the presence of ethyl xanthate. He attributed this to the effect of 
alteration of mineral surfaces by oxidation on xanthate adsorption. Although 
oxidation could be important for some sulphide minerals allowing ion exchange 
between xanthate and oxidised species, the story might be different for pyrite. 
Brion et al. [1980] studied the oxidation of xanthate on pyrite surface using 
ESCA spectroscopy and concluded that the surface should be completely clean 
for xanthate oxidation to dixanthogen to occur. Since oxidation causes a change 
in the surface composition of a sulphide mineral, understanding of the 
phenomenon is important from the point of collector-surface interaction. 
Rand [1977] studied oxygen reduction on different sulphide mineral electrodes 
and deduced that the oxygen reduction activity sequence at pH 9.06 took place in 
this order: pyrite, chalcopyrite, arsenopyrite, pyrrhotite and galena, among which 
pyrite had the greatest activity. 
Chapter 2 33 
Some investigations revealed that pyrite was one of the most noble sulphide 
minerals and behaves in a similar manner to gold electrodes [Rand, 1977; 
Natarajan and Iwasaki, 1972; Woods et al., 1989]. Natarajan and Iwasaki [1972] 
attributed this behaviour to the passivation of the mineral surface by ferric 
hydroxide layer acting as an oxygen electrode. According to Woods et al.'s 
[1989] observation the fraction of current responsible for the oxidation of HS" 
into polysulphides approximated to those for a gold electrode. In addition, the 
rate of chemical dissolution of S° from the pyrite and gold electrode surfaces 
were similar. 
Usui and Torun [1974] observed that a pyrite electrode was quite resistant to 
oxidation in a buffer solution of borax up to 0.3 V and at higher potentials ferric 
hydroxide production was reported. Burkin [1966] noted that in oxygenated and 
moderately acidic solutions over a range of 100-130°C, oxidation products were 
elemental sulphur, ferric and ferrous sulphate. The reaction proposed was; 
FeS2+202 ^ FeSO^+S° 2.15 
During anodic polarisation of pyrite in a weak alkaline solution, the following 
were suggested as possible reactions by Majima and Takeda [1968]. 
3FeS2+28H20 > FegOz).+6S0^^"4-56H'^ +44e" 2.16 
FeS2+l IH2O > Fe(0H)3+2S042-+19H++15e- 2.17 
2H20=02+4H++4e- 2.18 
Peters and Majima [1968], also, examined electrochemical behaviour of pyrite in 
acid medium. When pyrite was polarised anodically three types of oxidation 
mechanism were proposed. 
FeS2+8H20 > Fe3++2S04^-+16H++15e- 2.19 
FeS2 > Fe3++2S°+3e- 2.20 
FeS2+4H20 > Fe3++S042-+SO+8H++9e- 2.21 
Comparison of the amount of species present in the solution with the charge 
passed through suggested equation 2.19 as the only possible mechanism for the 
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surface oxidation. It was also expressed that formation of elemental sulphur was 
not a consequence of electrochemical corrosion of pyrite. 
Biegler et al. [1975] studied the nature of oxygen reduction on rotating pyrite 
electrodes. At low rotation speeds, linear sweep voltammograms showed 
currents involving a 4-electron reduction of oxygen to water as in equation 2.22 
02+4H++4e- > 2H2O 2.22 
However, this was not the case at high speeds and it was attributed to the 
formation of H2O2 as an intermediate species that escaped into the solution. 
Another surface oxidation study of pyrite electrodes by linear potential sweep 
voltammetry was conducted by Hamilton and Woods [1981]. In acidic solutions 
these reactions were as follows. 
FeS2 > Fe2++2So+2e- 2.23 
FeS2+8H20 > Fe2++2S042-+16H++14e- 2.24 
They suggested that "all iron formed above -0.4 V will be in the ferric state". 
Whereas in basic solution oxidation reactions followed a different path. 
FeS2+3H20 > Fe(OH)3+2So+3H++3e- 2.25 
FeS2+l IH2O > Fe(0H)3+2S042-+19H++15e- 2.26 
It is interesting to note that elemental sulphur was one of the oxidation products. 
However, at increased potentials SO^^- was said to be the predominant species. 
They also presented the reactions for the reduction of the oxidation products as 
follows. 
Fe(OH)3+SO+3e- > FeS+30H- 2.27 
Fe(0H)3+H"^+e' > Fe(0H)2+H20 2.28 
Furthermore they assumed that in acidic solutions, Fe(0H)3 may dissolve as 
Fe(0H)2 or FeOH2+ inhibiting the reverse reduction of rotating electrodes. 
Biegler and Swift [1979] carried out an investigation on the anodic behaviour of 
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pyrite in acidic solutions and attained similar results in that SO42- was a stable 
end product and no elemental sulphur formed as an intermediate species. 
Buckley et al. [1988] examined oxidation of a pyrite electrode surface by 
voltammetry and XPS. They suggested the following form of equation 2.25 to 
account for the results. 
FeS2+3xH20 > xFe(OH)3+Fe]^.jrS2+3xH''"+3e" 2.29 
Some sulphur deficient sulphur species, instead of a separate sulphur phase, were 
proposed as the initial oxidation products. 
In an extensive literature survey into the oxidation of pyrite by molecular oxygen, 
chemical oxidation of pyrite is summarised as follows [Lowson, 1982]. 
FeS2+7/202+H20 = Fe2++2S042-+2H+ 2.30 
Fe2++l/402+H+ = Fe3++1/2H20 2.31 
Fe3++3H20 = Fe(OH)3(s)+3H+ 2.32 
FeS2+14Fe3++8H20 = 15Fe2++2S042-+16H+ 2.33 
and the electrochemical oxidation occurring in anodic and cathodic sites is given 
as follows. 
FeS2+8H20 > Fe3++2S042-+16H++15e- 2.34 
02+4H++4e- > 2H2O 2.35 
Overall, the main oxidation products are ferric, ferrous, sulphate species and 
elemental sulphur. However, it is still disputable that the formation of elemental 
sulphur can occur. Since elemental sulphur is naturally hydrophobic, minerals 
smeared with sulphur will also experience hydrophobicity. Therefore, if a 
process could be established by which sulphur is yielded on the surface this 
would be of great importance. 
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2.1.4. Oxidation Reactions on Arsenopyrite Surfaces 
Glembotskii [1963] reported that pyrite could be oxidised more rapidly compared 
to arsenopyrite, relating this behaviour to the crystal structures of the two 
minerals. He said the sulphur atoms in pyrite were exposed to oxygen since they 
were found on the faces and edges of the lattice structure whereas the sulphur in 
arsenopyrite was bound in such a way that its accessibility to oxygen was poor. 
Plaksin [1959] discussed the effect of crystal structures on the oxidation of 
minerals having similar flotation properties such as pyrite and arsenopyrite. He 
stated that oxidation would not severely destroy the general structure of pyrite 
crystals and after dissolution of the oxidation products the underlying substrate 
was capable of interacting with flotation reagents. On the other hand for 
arsenopyrite, arsenic oxidised preferentially and stayed on the surface, so 
prolonged oxidation was necessary to oxidise sulphur which led to breaking of 
sulphurous and arsenic bonds changing the mineral structure. 
Plante [1949] suggested that in the presence of copper and carbonate, oxidation 
caused depression of arsenopyrite, marcasite, antimonite, lollingite and 
tetrahedrite. Soluble oxidation products of arsenic such as arsenite and arsenate 
were observed to decrease floatability of arsenopyrite. It was reported that 
oxygen reduction characteristics of arsenopyrite in acidic and basic solutions 
were similar and pyrite showed a higher oxygen reduction activity than 
arsenopyrite [Rand, 1977; Biegler et al., 1975] 
Hiskey and Sanches [1988a, 1988b] investigated the surface oxidation of 
arsenopyrite in cyanide solutions of different alkaline pH. They found that at 
high pH values anodic oxidation of arsenopyrite electrodes accounted for the 
following reaction, 
FeAsS+lOHzO = Fe(0H)3+H2As03-+S042-+15H++12e- 2.36 
in quiescent conditions further oxidation of H2As03' takes place. 
H2ASO3-+H2O = HAs042-+3H++2e- 2.37 
Oxidation was concluded to be both pH and CN" ion concentration dependant 
and increasing CN" concentration caused the oxidation to start at relatively lower 
pH's. At pH values between 9.3 and 10.9 electrochemical behaviour of 
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arsenopyrite was reported to be very similar to that of pyrite. Below pH 12 an 
oxidation mechanism through a pyrite intermediate was proposed as follows. 
FeAsS+HS+3H2O = FeS2+H2As03-+5H++5e- 2.38 
Vreugde (Beattie) and Poling [1983; 1984; 1988] claimed that the anodic peak 
associated with the oxidation of arsenopyrite involved ferric, arsenate and 
sulphate species as seen in equation 2.39. 
FeAsS+1 IH2O = Fe(0H)3+HAs04-+S042-+18H++14e- 2.39 
As a consequence of this oxidation ferric hydroxide deposited on the surface 
incorporating arsenate, and sulphate diffused into the solution [Beattie and 
Poling, 1988]. He investigated the effect of temperature on the hydroxide film 
development on arsenopyrite. The hydroxide layer thickened with increasing 
temperature up to 30oC, however, it stayed unchanged between 30 and 45^0, and 
a further increase beyond 45°C caused a significant amount of ferric hydroxide to 
build-up. He also observed that the oxidation of arsenopyrite occured at much 
lower potentials compared to pyrite. 
Buckley and Walker [1988-89] examined the surface of arsenopyrite which was 
exposed to air, immersed in air saturated alkaline and acidic solutions, by the 
XPS technique. In none of the cases was sulphur found to be oxidised initially, 
even after 30 min. treatment at pH~ll. Arsenic was suggested to oxidise to 
arsenite state rather than arsenate. At basic pH iron hydroxide and some of the 
arsenic III oxide remained on the surface while in acidic liquors the surface was 
left rich in sulphur owing to iron and arsenic being transported into the solution. 
They claimed that sulphur was not in the elemental form but it was in the 
structure of an extremely metal deficient sulphide lattice. 
Pressure oxidation of arsenopyrite in the presence of H2SO4 at elevated 
temperatures (120-180OC) was studied by Papangelakis and Demopoulos [1990]. 
The following series of reactions was proposed to occur. 
4FeAsS+1302+6H20 > 4H3As04+4Fe2++4S042- 2.40 
4FeAsS+702+8H++2H20 > 4H3As04+4Fe2++4SO 2.41 
2Fe2++l/202+2H+ > 2Fe3++H20 2.42 
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Fe3++H3As04+2H20 > FeAs04.2H20+3H+ 2.43 
2.1.5. Effect of Semiconductivity on Surface Reactions 
In terms of conductivity solids are divided into three groups: insulators, 
semiconductors and conductors. Conductivity of insulators is less than 10"^  
S/cm, whereas it is higher than 10+3 S/cm for conductors and lies between these 
values for semiconductors [Sze, 1985]. Electrons in the valence band of a 
semiconductor are dislocated by such effects as temperature, illumination, 
magnetic field so that they participate in the movement of current. An imaginary 
hole is formed when an electron leaves the valence band and accordingly the 
conduction band gains a free electron. A hole moves in the opposite direction to 
an electron if an electric field is applied and for this reason it is regarded as 
carrying a positive charge. On the other hand, by introducing some impurities to 
the lattice structure of a semiconductor material, permanent holes in the valence 
band or free electrons in the conduction band may be created. Referring to the 
sign of the charge, semiconductors with holes and with free electrons are called 
p-type and n-type respectively. 
A number of minerals can exhibit n or p type semiconductivity. The 
semiconductor type of a mineral may or may not have an influence on its 
electrochemical reactions according to the consideration that electron interaction 
between the substrate and the substance in question might be enhanced 
depending on the density of holes and free electrons. In this section some brief 
information will be given about the investigations conducted regarding the effect 
of semiconductivity. 
Some investigators suggested that the reactivity of electron donating compounds, 
such as xanthates, is facilitated on the surface of p-type semiconductor sulphide 
mineral owing to its free electron vacancies [Plaksin and Shafeev, 1963; Poling, 
1976; Senetal., 1980] 
Sen, Ray and Roy [1980] tried to establish a relationship between the 
conductivity of pyrite and adsorption of potassium ethyl xanthate and diethyl 
dixanthogen. Their conclusion was n-type specimens adsorbed less ethyl 
xanthate than p-type. Adsorption of dixanthogen was found to be independent of 
type of semiconductivity and this behaviour was related to the physical 
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adsorption of dixanthogen which involves no electrochemical reaction. On the 
other hand, illumination was said to produce photoelectrons which caused 
reducing conditions on the surface, hence adsorbed dixanthogen was reduced 
back to xanthate decreasing adsorption density. 
Ackerman et al. [1987a] studied the flotation characteristics of chalcopyrite, 
pyrite, covellite and chalcocite with sodium isopropyl xanthate and sodium 
diisopropyl dithiophosphate. They observed poorer flotation response for pyrite 
and chalcopyrite, which were n-type in this study and whose hydrophobic surface 
species are dixanthogen or dithiophosphatogen [M.C. Fuerstenau, 1971], than for 
other minerals whose surfaces acquire hydrophobicity by a metal xanthate or 
metal dithiophosphate compound. 
Plaksin and Shafeev [1963] suggested that the presence of holes in a sulphide 
mineral would enhance the adsorption of xanthate while free electrons would 
prevent the formation of adsorption bonds. They also postulated that oxygen 
behaved as an electron acceptor on the galena surface converting it from n to p 
type semiconductor thus xanthate-mineral interaction was facilitated by the 
action of oxygen. 
Gamma radiation was reported to create some effects on the flotation of some 
sulphide minerals changing their semiconductive properties as in the case of 
oxygen mentioned above. Plaksin [1968] said that by applying radiation to 
sulphide minerals the surface conductivity was changed from n to p type hence 
the adsorption of butyl xanthate made easier. Irradiating the pulp, however, led 
to reducing conditions in the slurry and the number of free electrons on the 
surface increased. Therefore they observed a decrease in flotation recoveries. 
On the other hand some investigators could not find any correlation between the 
reactions taking place on mineral surfaces and semiconductive properties. 
Biegler and Swift [1979] reported that semiconductive features did not lead to a 
significant difference in the kinetics of anodic oxidation of pyrite. 
Springer [1970] observed the electrochemical reactivity of semiconductor pyrite, 
galena and chalcopyrite species. Pyrite samples having p and n type 
semiconductivity behaved in a similar manner during anodic or cathodic 
polarisation. However, some differences were reported in the rest potentials and 
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this was related to the fluctuating stoichiometry of pyrite specimens rather than 
the effect of semiconductivity. He concluded that conduction type of a mineral 
does not play a significant role in the electrochemical oxidation and dissolution 
reactions. 
Biegler [1976] conducted an investigation on a number of pyrite species with 
different semiconductivity. Although electrocatalytic activities for oxygen 
reduction varied to some extent from sample to sample this behaviour could not 
be correlated with semiconductor type. Different responses were ascribed to the 
impurities generally associated with natural pyrite specimens. 
2.2. Review of Flotation Studies Carried Out on Pyrite and Arsenopyrite 
Many investigators have examined various collectors in flotation studies in order 
both to compare their effectiveness and to explain the mechanism of flotation. A 
variety of minerals have been subject to such research programs. While pyrite 
has been one of the most investigated sulphide minerals arsenopyrite has been 
neglected. However, as the separation of arsenopyrite from ores and waste 
materials gains importance, research studies regarding this mineral are starting to 
accelerate. 
Ackerman et al. [1987a] worked on the flotation of copper sulphides and pyrite 
with sodium isopropyl xanthate, diisopropyl dixanthogen, sodium diisopropyl, 
dithiophosphate, N-ethyl-O-isopropyl thionocarbamate (Z-200) and isopropyl 
xanthogen ethyl formate. They concluded that except for Z-200 and dixanthogen 
pyrite floated well with xanthate, dithiophosphate and xanthogen ethyl formate 
especially at acidic pH. Poor floatability of pyrite at high pH values with 
xanthate and dithiophosphate was attributed to the decomposition of dixanthogen 
and dithiophosphatogen, both of which play an active role in inducing 
hydrophobicity. Attention was drawn to the importance of xanthogen ethyl 
formate as a chelating agent which exhibited excellent pyrite rejection due to the 
lack of complexing with iron. They also studied the effect of chain length and 
branching in ethyl, amyl, octyl, dodecyl, isopropyl, isoamyl, 2-ethyl hexyl, 2-
octyl and dodecyl xanthates on the flotation recovery of the same minerals 
[Ackerman et al., 1987c]. It was claimed that collector concentration needed for 
a given recovery (50%) showed a minimum around alkyl chain lengths of 5 to 8. 
Short branched-chain xanthates were reported to perform better than their straight 
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chain analogous whereas above five carbon atoms in the aUcyl chain the opposite 
effect was observed. Steric hindrance and low reactivity due to the increased 
bulkiness of the branched chain collector was said to cause this anomaly. 
A comprehensive study of flotation of copper sulphides and pyrite with 
thionocarbamates was conducted by Ackerman et al. [1984]. They researched 
how floatability was effected by changing N-alkyl and 0-alkyl groupings, which 
are found in the structure of thionocarbamates. Generally speaking, increasing 
the number of carbon atoms in N-alkyl and 0-alkyl groupings led to an increase 
in both recovery and rate whereas N-iso-alkyl structures and introduction of 
unsaturated substituents resulted in less floatability. This was reported to be the 
result of steric effects and decreased hydrophobicity due to shortening bond 
lengths in the hydrocarbon chain and the increased presence of electrons-
respectively. For the rejection of pyrite from copper sulphides, N-isopropyl-0-
isopropyl thionocarbamate was found to be quite successful. 
Fuerstenau, M.C. [1968] and Fuerstenau, D.W. [1980] studied the flotation of 
pyrite with xanthate type collectors. There was a minimum in flotation recovery 
around pH 6-7 on using potassium ethyl, amyl xanthates and diethyl 
dixanthogen. A complete depression occurred at pH values around 2.5 and 11 
but no minimum was observed around neutral pH at high concentrations of 
xanthates. Depression of pyrite at strongly acidic pulps was attributed to the 
decomposition of xanthic acid into CS2 and alcohol and at high pH to an 
insufficient amount of dixanthogen. While M.C. Fuerstenau et al. gave no 
satisfactory explanation for depression around pH 6-7, Fuerstenau D.W. [1980] 
attributed this behaviour to the lack of specific adsorption of xanthate ions 
around the isoelectric point (i.e.p.) The change in zeta potential and i.e.p. were 
also monitored under various conditions. Prolonged conditioning shifted the 
i.e.p. to a more alkaline pH as a result of increased oxidation [Fuerstenau, 1968]. 
It was concluded that xanthate had no effect on the i.e.p. of pyrite, however, 
increasing the xanthate concentration lowered the electrophoretic mobility which 
was interpreted in terms of specific adsorption especially at acidic pH range 
[Fuerstenau and Mishra, 1980] 
Xianghuai et al. [1989] explained the flotation response of pyrite at different pH 
values by applying the thermodynamic calculations for the iron-xanthate system. 
At low pH values and low xanthate concentrations, chemically adsorbed xanthate 
species were said to be responsible for the flotation. Whereas, at high 
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concentrations bulk ferric xanthate formation on the surface accounted for the 
hydrophobicity. At elevated pH values, on the other hand, physical adsorption of 
both dixanthogen and xanthate ions was suggested to induce flotation. The lack 
of flotation seen around neutral pH as in Fuerstenau et al.'s investigations [1980, 
1968] was said to be due to formation of slightly hydrophobic ferric dihydroxyl 
xanthate species. However, at high xanthate concentrations, increased amounts 
of xanthate and dixanthogen allowed good flotation. They ruled out the 
hydrophobic contribution of ferrous xanthate (FeX2) since the development of 
this compound requires very high concentrations of xanthate and reducing 
conditions. 
Flotation of pyrite with dithiophosphate yielded 100% recovery at the pH range 
up to 3.5 and complete depression above pH 7 [Fuerstenau et al., 1971]. 
Dithiophosphatogen, which is an oxidation product of dithiophosphate, was 
claimed to be the active species giving hydrophobicity to the pyrite surface as is 
dixanthogen. Failure of dithiophosphatogen formation at pH values higher than 6 
was presented as the reason leading to the lack of flotation at basic conditions. 
The influence of bubbling oxygen and air through flotation pulps on pyrite 
recovery and xanthate adsorption was studied by Klymowsky and Salman [1970]. 
They reported that although xanthate adsorption showed a maximum for 
oxygenated pulps compared to aerated and deoxygenated systems, aeration of the 
pulp yielded the best flotation recovery. However, since the amount of 
adsorption was based on the measurements of the initial and final collector 
concentrations decomposition of xanthate in acidic conditions might have caused 
incorrect interpretations regarding amount of collector adsorbed. 
The use of nitrogen gas was proposed to increase pyrite recovery and this was 
explained in terms of galvanic interaction between the minerals [Martin et al., 
1989]. Martin et al. claimed that during selective flotation of pyrite from 
sphalerite, nitrogen purged oxygen out of the system and so the lack of oxygen 
prevented galvanic interaction of the two minerals. Accordingly no hydroxyl 
ions formed on the surface as a consequence of this interaction and the flotation 
of pyrite was enhanced. Martin and co-workers [1990] proceeded with the 
application of this separation in a pilot plant column cell and increased pyrite 
recovery was obtained. 
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Heyes and Trahar [1984] studied collectorless flotation of pyrite and pyrrhotite. 
While pyrrhotite was floated there was no substantial flotation for pyrite except 
in the presence of Na2S. They stated that the main oxidised sulphide species was 
sulphur for pyrrhotite and SO^^" for pyrite. Whilst elemental sulphur directly 
caused the formation of a hydrophobic layer on a pyrrhotite surface, pyrite 
surfaces were left hydrophilic but treatment with Na2S yielded some elemental 
sulphur, rendering pyrite hydrophobic. 
Sulphide minerals such as chalcocite, chalcopyrite, galena, pyrite and sphalerite 
were postulated to be naturally floatable provided that the surfaces were free 
from oxidation products [Fuerstenau and Sabacky, 1981]. They reported that 
collectorless flotation performed at pH 6.8 showed that recovery was over 80% 
except for sphalerite which may be due to the relative affinity of surface zinc ion 
for water. Sulphur-oxy species were said to hydrogen bond with water whereas 
the sulphide ion did not due to its larger size. 
O'Connor and co-workers [1985] observed the effect of temperature on the 
flotation of South African pyrite ores using sodium ethyl xanthate and sodium 
mercaptobenzothiazole as collectors. At low temperatures a decrease in the rate 
and recovery of pyrite was monitored together with less collector adsorption. 
However, improved recoveries of gangue were reported as the temperature 
dropped causing a reverse effect on selectivity. 
Ackerman et al. [1987c]; Abeidu and Almahdy [1980] reported that 
CUSO4.5H2O had little influence on the flotation of pyrite. Cochin [1971] could 
not find any evidence of chemical adsorption of Cu^+ ions on pyrite as occurred 
in the case of sphalerite. He suggested that physical adsorption occurred at 
slightly acidic pH values, however, Ghiani et al. [1984] observed that in the 
presence of CUSO4.5H2O the flotation response of pyrite was analogous to that 
of sphalerite. On the other hand Abeidu and Almahdy [1980] obtained good 
activation for arsenopyrite and linked it to the formation of CugAs and CU3AS2, 
yet pyrite flotation remained almost unchanged. 
Depression of pyrite using cyanide was widely investigated by Elligani and 
Fuerstenau [1968]. The chemically adsorbed ferric-ferrocyanide complex, 
Fe4[Fe(CN)5]3, was postulated to cause the deactivation of pyrite. The 
ferricyanide compound was found to be less effective since it is an oxidising 
agent, enhancing the formation of dixanthogen. KCN addition to the pulp, 
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instead of ferrocyanide, was claimed to decrease Fe^+ and Fe3+ ion concentration 
thus preventing precipitation of Fe4[Fe(CN)5]3 in the solution and also oxidation 
of xanthate to dixanthogen. Janetsky et al. [1977] observed that increasing 
amount of KCN at a constant pH and xanthate concentration shifted the oxidation 
curve of xanthate to more anodic potentials, eventually coinciding with that of 
pyrite itself. 
On the other hand Vreugde [1983] studied the effect of cyanide on oxidation of 
arsenopyrite by cyclic voltammetry and suggested that since cyanide dissolved 
ferrous hydroxide from the electrode surface it could act as an activator rather 
than a depressant. Vreugde also worked on the influence of oxidation on 
arsenopyrite flotation. As pH was increased, the presence of oxidising agents 
such as H2O2, NaClO and also aeration was seen to lessen floatability of 
arsenopyrite on account of formation of a ferric hydroxide coating on the 
mineral. He further observed that less hypo chlorite was needed to start 
depression than peroxide. KMnOz). seemed to be the best regulator for the 
deactivation of arsenopyrite shifting the potential in the solution to more anodic 
values than H2O2 did. 
Yamamato [1980] studied the depressing ability of sulphite ions for pyrite. He 
concluded that sulphite displaced xanthate from the surface, decomposed it with 
oxygen and reduced itself to thiosulphate ions. 
Increasing concentrations of Na2S, at alkaline pH, decreased the potential of 
pyrite electrodes and the new mixed potential involving oxidation of HS" and 
reduction of O2 became more cathodic compared to X"/X2 potential and as a 
result prevented electrochemical interaction of xanthate with pyrite surface so 
that flotation was impeded [Woods et al., 1989; Janetski et al., 1977]. 
Rinelli [1980] researched the depressing action of permanganate ion of pyrite. 
He claimed that permanganate did not prevent flotation by oxidising xanthate in 
solution as was previously supposed. Instead the formation of some surface 
products encouraged by the presence of permanganate ions was responsible for 
halting flotation. 
Draskic et al. [1982] investigated flotation characteristics of arsenopyrite and 
pyrite with sodium isopropyl xanthate. Under highly basic conditions flotation of 
both pyrite and arsenopyrite ceased. However, at pH 9.5 some separation could 
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be achieved owing to the early start of arsenopyrite depression. KMn04 was 
used as a regulator and claimed to be effective in decreasing the flotation ability 
of arsenopyrite while having less influence on pyrite. It was suggested that 
KMn04 prevented the formation of FeS and FeS04.7H20 on the pyrite surface 
whilst giving rise to the formation of hydrophilic FeAs04.2H20 compound on 
arsenopyrite. 
Abeidu and Almahdy [1980] used a so-called magnesia mixture 
(MgCl2.6H20+NH4Cl+NH40H) in order to deactivate arsenopyrite during 
xanthate flotation of pyrite and chalcopyrite. They claimed that a hydrophilic 
compound of As04NH4Mg.6H20 was formed on the surface of arsenopyrite and 
caused depression of this mineral. 
Metal excess areas formed on pyrite and arsenopyrite surfaces by partial 
dissolution of iron, arsenic and sulphur were shown as the reason for the flotation 
of these minerals with xanthates [Guongming and Hongen, 1989]. In the case of 
arsenopyrite dissolution of the elements favours iron thus causing poor flotation 
of arsenopyrite compared to pyrite. Guongming and Hongen also claimed that 
arsenopyrite is more readily oxidised with respect to pyrite and forms a 
hydrophilic hydroxide layer on the surface, therefore separation could be effected 
by differential oxidation. Copper activation of the two minerals was attributed to 
CuS formation on the surfaces which was found to be difficult to destroy. No 
information was given as to how interaction occurs between xanthate and metal 
excess areas. 
Pure surfaces of pyrite and arsenopyrite were postulated to possess a 
hydrophobic character by Wang and Forssberg [1989]. On using EDTA they 
observed feeble flotation for pH values below 5 and above 11 whereas at a pH 
range from 6 to 10 recovery of both minerals markedly increased. This 
behaviour was explained in terms of the dissolution of metal oxide layers on the 
surfaces by virtue of EDTA thus exposing a hydrophobic sulphur rich mineral 
surface. 
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2.3. Collectors 
2.3.1. Introduction 
The role of collectors in flotation is to adsorb on a surface and render it 
hydrophobic. A collector may be a non-ionic molecule or an ion which could be 
cationic or anionic in character. 
Cationic surfactants may be compounds of nitrogen, sulphur, phosphorus, iodine, 
arsenic and so on [Jungermann, 1970]. Amines are one of those surfactants 
containing nitrogen and have found usage especially in oxide flotation. Amines 
could be considered as the derivatives of ammonium salts and according to the 
number of hydrocarbon groups attached to the nitrogen they are divided into four 
groups which are named as primary, secondary, tertiary and quaternary amines. 
An example of primary ammonium salts is given below where R is a 
hydrocarbon radical. As the substitution of the rest of the hydrogen atoms for a 
radical takes place other type of amines mentioned above will be generated. 
H H 
Cation 
CI 
Anion 
Although the general concept accepted for amine adsorption on a surface is via 
electrostatic attraction, in some cases flotation does not start as the isoelectric 
point of the mineral is passed towards alkaline pH range. Quartz, for example, 
has an i.e.p. around pH 2, however, the peak of flotation is around pH 10. On 
the other hand, hematite can be floated even when the surface is positively 
charged [Smith and Akhtar, 1976] which suggests that hydrophobicity may be 
caused by specific chemical interactions that can overcome the repulsion of two 
positive charge. 
Amines may form stable complexes with ions such as Cu2+, Zn2+, Cd2+, Ni2+ 
and Co2+. In some situations the adsorbing complex can be cationic in nature 
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and hydrophilic, for example [Cd(C8-amine)2]^+. But subsequent addition of 
another suitable anionic collector such as a kind of alkyl sulphate helps the 
surface turn hydrophobic [Du Rietz, 1975]. 
Anionic collectors may be classified into two types: Those which contain organic 
or sulpho acid groups such as soaps and sulphonates; and sulphydryl collectors 
that have a polar group containing bivalent sulphur known as the thio compound. 
Some thiol collectors are listed in Table 2.1 [Wills, 1988]. 
Table 2.1. Some common thiol collectors. 
Reagent Formula 
Xanthates R — 0 - C 
S—(K or Na) 
Dialkyl dithiophosphates 
(Aerofloats) 
R-
/\ 
R — O S — ( K o r N a ) 
Dialkyl Dithiocarbamate N - C 
FT orf^a) 
Isopropyl thionocarbamate 
(IVlinerec 1661 orZ-200) 
C2H5 
JVlercaptobenzothiazole 
(R404/425) 
C—S—Na 
Xanthates are the most common thiol type collectors and of great importance for 
the flotation of sulphides. At least 60% of thiol collectors used have been 
reported to be xanthates and their compounds, with phosphoric and carbamic 
acid derivatives providing the rest [Klimpel, 1987]. The use probably reflects the 
relative cost of manufacture. Xanthates are formed by the reaction of an alcohol 
with an alkali and carbon disulphide as shown below; 
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ROH+CS2+MOH > H20+R0C=S 2.44 
S - M 
where R is a hydrocarbon radical and M is a monovalent alkaline metal ion like 
sodium or potassium. Apart from flotation, xanthates are also used in cellulose 
production, the rubber industry, polymerisation of olefins as catalyst and 
lubricating oil additives [Rao and Ramachandra, 1971]. 
2.3.2. Behaviour of Xanthates in Different Solutions 
Aqueous solutions of xanthates are very unstable and various decomposition 
products are formed within comparatively short times [Dautzenberg et al., 1984; 
Kowal et al., 1984; Jones and Woodcock, 1978; De Donato et al., 1989]. 
Oxidation products of xanthates are known as dixanthogens. However, oxygen 
and xanthates alone do not react to yield dixanthogens [Klymowsky and Salman, 
1970; Finkelstein 1967]. A suitable catalyst like KI, H2O2 or some metal ions 
such as copper, iron, and lead or surfaces of some sulphide minerals is necessary 
to start oxidation [Tipman and Leja, 1975; Majima and Takeda, 1968; Fuerstenau 
and Mishra, 1980; Ramachandra and Patel, 1960a, 1960b; Ramachandra 1962]. 
At pH values below 3, CS2 and the corresponding alcohol are reported to be the 
disassociation products of ethyl and amyl xanthates yet slower reaction kinetics 
were measured for the latter [De Donato et al., 1989]. The reason for the faster 
rate of disassociation of ethyl xanthates was said to be due to the smaller 
molecular size of this compound which consequently lowers its protonation and 
solvation energy barrier compared to amyl xanthate. 
Dautzenberg et al. [1984] reported HS" and CSg^" as the active impurities during 
flotation but Tipman and Leja [1975] claimed that CS2 was the only 
decomposition product containing sulphur in the pH range 7 to 10 and rejected 
existence of other oxidation derivatives of CS2 such as mono and dithio 
carbonates in the solution. 
In the flotation pulp of Mount Isa copper flotation plant, perxanthate (R-OCS2O-) 
was detected as a reaction product of potassium sec-butyl xanthate 
(C4H9OCSSK) and hydrogen peroxide [Jones and Woodcock, 1978]. This was 
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confirmed by a laboratory research where perxanthate remained stable at low 
H2O2 concentrations whereas it rapidly decomposed to yield CS2, S and other 
compounds when the concentration of H2O2 was increased. 
In a study by Harris and Finkelstein [1975] monothiocarbonate (R-OCSO ) was 
reported as a decomposition product of xanthate via adsorption. While a 
considerable amount of monothiocarbonate was formed in the presence of 
galena, no significant conversions were recorded in the pyrite system. They 
concluded that this was due to the formation of dixanthogen which did not desorb 
as monothiocarbonate. 
2.3.3. Complexes and Chelating Collectors 
A metal complex is described as "a chemical species which contains a metal 
atom or ion bonded to a greater number of ions or molecules than would be 
expected from simple valency considerations" [Houghton, 1979]. In complex 
chemistry these ions and molecules are called ligands. The atom in the ligand 
that actually forms the bond with the metal atom is termed the ligand atom or 
donor atom. Donor atoms contain lone pair of electrons and therefore ligands are 
electron pair donors whereas metals are acceptors. Hence ligands and metals 
behave like Lewis bases and acids respectively. Ligands are classified according 
to the number of the functional ligand atoms in a molecule. If there is only one 
atom to bind the ligand is said to be unidentate. Ligands containing more than 
one functional atoms are known as bidentate, tridentate, tetradentate or shortly 
multidentate. Chelates are the compounds of bidentate ligands which form a ring 
structure with a metal atom. 
Ligands such as hydride ion and amines form a a bond only by donating their 
unoccupied electrons to the empty orbital of a metal since they have not got 
suitable orbitals for n bonding. On the other hand ligands such as cyanides, 
dioxygen, sulphides, dinitrogen etc. can bond to the transition metal atoms 
through a bonding as well as n bonding accepting electrons to their unoccupied p 
orbitals from the d orbital of the metal: those are called a = d o n o r / 7 i - a c c e p t o r 
ligands [Houghton, 1979; Cotton and Wilkinson, 1988]. 
Ahrland and et al. [1958] classified acceptor atoms into two groups: (a) those 
which form their most stable complexes with nitrogen, phosphorus and oxygen 
ligand atoms and (b) those which form their most stable complexes with sulphur, 
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florine and chlorine ligand atoms. According to them, most metals in their 
common valency states and as well as hydrogen ion are in class (a) and therefore 
the affinity of the ligands for class (a) acceptors tends to increase with their 
basicities. Availability of electrons in the d orbitals to form n bonds determines 
the (b) character of the metals. In other words large number of d electrons and 
high polarisability lead to (b) character [Ahrland, 1966]. The boundries of these 
two classes are not clear cut therefore there is a borderline region between, which 
is determined according to the oxidation state of the metal. Another 
classification of the acceptors and the donors was made by Pearson [1963] in a 
similar manner to Lewis acids and bases concept and Ahrland et al.'s [1958] 
classification. He stated that a hard base had high electronegativity and its 
valence electrons were difficult to polarise and remove whereas a soft base has 
the opposite properties [Pearson, 1966, 1967 and 1968]. Accordingly ligands 
such as H2O, OH", F", NH3, RNH2 and are hard bases, on the other hand 
R2S, RSH, R3P, CH", and CgHg are soft bases. The ligands C^HgNH2, C5H5N, 
N3", Br", NO2", SO32- lie in the border line. On the other hand, class (a) and (b) 
acceptors were classified as hard and soft acids, respectively with a borderline 
where hard and soft acids have similar features to the analogous bases. Some of 
the hard acids are H+, Li+, Na+, Al3+, Cr3+, Co3+, Fe3+, Zr4+, Ni3+ and so on; 
soft acids are Cu+, Ag+, Au+, Cd^+, Pt2+, Hg2+ and so on; and borderline acids 
are Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Pb^ """, etc. He coined the idea "hard acids 
prefer to associate with hard bases and soft acids prefer to associate with soft 
bases". 
A number of studies have been carried out on chelating reagents and they can be 
used in flotation as collectors or depressants [Gutzeit, 1946; Nagaraj ,1987; 
Nagaraj et al., 1986]. Chelating collectors can be grouped according to the 
functional group they possess. The most common types are those which contain 
0 - 0 (Cupferron), N-0 (a-Hydroxy oximes), N-N (Dimethylglyoxime), S-S 
(Xanthates), N-S (Mercaptobenzothiazole) and S-0 (N-benzoyl thionocarbamate) 
donor atoms in their structures [Somasundaran and Nagaraj, 1984]. The stability 
of metal chelates mainly depends on the nature of the donor atoms, central metal 
atom, the pK^ of the ligand molecule, substituents, ring size and the number of 
rings [Nagaraj, 1986]. In Table 2.2 some of the studies carried out with chelating 
collectors are summarised. 
Table 2.2. Some selected studies conducted on chelating collectors. 
Chelating Collector Minerals Proposed Chelation Mechanism Reference 
Dimethylglyoxime, 
a-diphenylglyoxime 
Gamierite Between Ni and N-N ligand atoms Nakahiro et al., 1987 
Potassium octyl hydroximate Goetite Between Fe and 0 - 0 ligand atoms Fuerstenau et al., 1967 
8-hyroxyquinoline Zinc sulphide-oxide 
Lead sulphide-oxide 
Between Zn and N-0 ligand atoms Rinelli and Marabini, 1973 
Dithizone, 8-hydroxyquinoline, 2-
methyl- 8 hyroxyquinoline 
Zinc oxide minerals Zn(collector)2 complexes Bustamante and Shergold, 
1983 
Salicylaldehyde Cassiterite Between Sn and 0 - 0 ligand atoms Rinelli et al., 1970 
Aromatic hydroxyoximes Crysocolla and tenorite Between Cu and N-0 ligand atoms Nagaraj and Somasundaran, 
1981 and 1984 
LIX65N (Anti-2-hydroxy-5-
nonyl-benzophenone oxide) 
Cuprite and chrysocolla As above Nagaraj and Somasundaran, 
1980 
Mercaptobenzothiazoles and 
aminothiophenols 
Cerussite Between Pb and N-S ligand atoms Marabini et al., 1989 
Varieties of thionocarbamates Chalcopyrite, chalcocite, 
bomite, covellite and pyrite 
Ackerman et al., 1984 
0-butyl-N-ethyl thionocarbamate Chalcopyrite and pyrite Between Cu and Fe and S-N ligand 
atoms 
Bogdanov et al., 1976 
1 -hydroxyethyle-2-iieptadecenyl 
glyoxalidine (Amine 220) 
Chalcopyrite and chalcocite Between Cu and N-N ligand atoms Ackerman, 1987 
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2.3.4. New Collectors Used in This Study 
Xanthates give rise to good flotation for most types of sulphide minerals but may 
not show selectivity between individual sulphides. In order to achieve 
satisfactory selectivity various regulators are employed under strict conditions. 
However, attempts to depress a mineral which is eager to float may result in a 
penalty being paid in terms of recovery and grade of the products. The situation 
may deteriorate further if minerals with similar flotation response are associated 
together. Therefore it is of great importance to employ collectors capable of 
interacting with particular minerals. In this respect, chelating reagents attracted a 
great deal of attention and their applicability and potential have been studied by 
some investigators [Gutzeit, 1946; Klimpel et al., 1988; Marabini et al., 1991; 
Bogdanov et al., 1977; Ackerman, 1987b; Klimpel et al., 1989; Klimpel and 
Hansen, 1989]. Chelating reagents contain functional groups in their structures 
which form bonds selectively with the species on a surface. However, there are a 
number of factors that effect their performance such as the type of the functional 
groups, their position, the length of the non-polar chain, branching, protonation 
of the molecule, properties of the species on a mineral surface and so on. Such 
collectors may offer advantages over conventional varieties because of their 
potential for specific interaction with individual elements on the mineral surface. 
A number of novel collectors have been developed by Dow Chemical over the 
last ten years. These reagents, according to the chemical mechanism involved in 
their interaction with minerals, are classified as F and S series. The F series are 
recommended where chelation accounts for the adsorption of the collector on 
mineral surfaces. On the other hand S type collectors are suggested where the 
redox potential of the pulp governs the anchoring of the collector on mineral 
substrates. In this present investigation Dow collectors with the trade names Fl, 
S7 and F2B were chosen for study. 
F l is related to the chelating compound known as "hexyl thioethylamine 
hydrochloride" which was patented by Klimpel and Hansen [1988]. The 
structure of F l shown below suggests that it is a derivative of a primary amine 
with a sulphur atom substituted in its 1^ ^ carbon in the radical and is similar to 2-
amino-ethanethiol, HSCH2CH2NH2 where -S— and -NH2 are the groups 
potentially capable of co-ordinating with surface species [Bell, 1977; Ackerman 
etal. 1987a; Marabini et al., 1991]. 
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H H 
C f l 3 - S - C - ( : - N % H C l 
H H 
F1 is said to be an effective collector for zinc, nickel, platinum, palladium, gold 
and cobalt containing minerals and moderately effective for copper minerals 
[Dow Chemical's collector information leaflets; Klimpel et al., 1988]. At low 
collector dosages, it is claimed to have a very good selectivity over iron sulphides 
and gangue minerals and like xanthates copper activation for sphalerite is 
necessary [Klimpel et al., 1989]. Its performance is not dependent on the Eh of 
the slurry and less frother is required compared to conventional sulphide 
collectors. When blended with xanthates, thionocarbamates or dithiophosphates, 
F1 offers higher recoveries but with some sacrifice of grade [Dow Chemical's 
collector information leaflets; Klimpel et al., 1988]. It is a 100% water soluble 
reagent. F1 provides better copper, nickel and zinc recoveries compared to 
xanthates at the same or lower dosages [Klimpel et al., 1989; Klimpel and 
Hansen, 1989] and will not float galena unless it is copper activated. 
S7 is called "ethyl octyl sulphide" having the following chemical structure. 
H H 
C 8 H I 7 " S - C - C - H 
H H 
It is recommended for sulphide minerals which exhibit some natural 
hydrophobicity. Its adsorption is controlled by the redox potential of the slurry 
and hence it should be less sensitive to pH changes than is Fl . For optimum 
flotation results, it is suggested that the potential of the slurry, as measured with a 
platinum electrode, should be negative or around zero just before the collector 
addition. It should then be brought to positive values in order to render the 
mineral hydrophobic. Its pyrite rejection capability is governed by the liberation 
degree of the mineral and the Eh of the pulp rather than collector dosage or pH 
[Dow Chemical's collector information leaflets; Klimpel et al., 1989]. S7 has a 
very low water solubility. 
F2B is a 1/1 blend of two different group of collectors, i.e. F2 and S7. F2, like 
Fl is also a chelating agent with the structural difference that one of the 
hydrogens attached to nitrogen is replaced with an ethyl carbonyl group [Klimpel 
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and Hansen, 1989]. Being a mixture of F2 and SI, F2B offers properties of both 
chelating and redox type collectors. It is especially effective for chalcopyrite, 
chalcocite, pentlandite, molybdenite and exhibits good pyrite rejection. Though 
Eh of the slurry has a lesser effect on the adsorption of F2B than that of S7, it is 
still recommended that the starting Eh of the slurry should be negative as in the 
case of S7. Like SI, F2B also has a very low water solubility. The structure of 
F2 is shown below. 
y 
C g H j ^ S - (CH)^ C - C2H5 
H 
Generally speaking, performance of all three collectors in terms of rate, recovery 
and selectivity is claimed to be better than xanthates for some particular 
applications. Blending with xanthates also offers good synergistic effect. 
2.4. Column Flotation 
Column flotation is a dimension of mineral processing that differs greatly from 
conventional flotation applications. Although various cell designs have 
appeared, a classical column cell is basically a long cylindrical structure whose 
height can be between 9 and 15 m and diameter between 0.3 and 5 m [Finch and 
Dobby, 1990]. The feed enters approximately one third from the top of the 
column and leaves at the bottom level. 
Column cells have created a new era in flotation technology because of their 
advantages over conventional cells. These may be summarized as follows. 
1- Column cells contain no moving mechanical parts. Their plant design is easy 
and can be monitored more efficiently. 
2- A single column cell may achieve the same work that can be accomplished 
with a series of conventional cells. 
3- Since the slurry is not agitated in a column, particle-bubble rupture is 
decreased thus recovery increases. 
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4- Recovery of fine particles is enhanced because smaller bubbles can be 
produced. 
5- Introduction of wash water into the froth zone leads to higher grades. 
Although a column may be divided into two hypothetical sections, i.e. collection 
and froth or cleaning zones, it can be considered as containing the rougher, 
cleaner and scavenger stages of conventional flotation. Since column diameters 
vary, stating the rate of gas, slurry or bias in terms of litres/min will be useless 
when comparing two different columns with different cross sectional areas. In 
practice fluid flows are expressed by the ratio of the volumetric flow to the cross 
section of the column which gives superficial rates that are independent of 
column diameter. 
As in all processes, column flotation also has its own parameters which affect the 
way the system works. Those are mainly classified as superficial gas rate, 
superficial slurry rate, superficial bias rate, bubble diameter, gas hold-up, 
residence time distribution, mixing and so on. They are all interrelated and any 
change in one could affect the rest considerably. 
There are three phenomena which put a limit to the superficial gas rate (s.g.r.): 
loss of bubbly flow, loss of interface between the froth and the pulp phase and 
loss of positive bias. The first indication of excess s.g.r. is reporting of feed 
water into concentrate, in other words negative bias. In practice negative bias is 
counter balanced by wash water addition. Loss of bubbly flow and interface 
follow at elevated s.g.r. [Manqui et al., 1991]. The last two phenomena may be 
more important regarding grade and recovery. Superficial slurry rate (s.s.r.) has 
two consequences. Firstly it determines the retention times of solids and liquid, 
and secondly it inversely affects maximum s.g.r. since when s.s.r. increases more 
resistive force is imposed on the rising bubbles hence gas hold-up increases. 
Bubble size or bubble size distribution is an important aspect of column flotation. 
Production of bubbles at various sizes depends on some operating conditions 
such as gas rate, sparger type, frother concentration. The smaller the bubble size 
the slower the bubble rising velocity and the higher is the gas hold-up. A 
decrease in bubble size will give more bubbles at a given gas rate and so 
probability of particle-bubble collision will increase thus improving recovery. 
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However, decreased bubble size will in turn restrict maximum s.g.r. [Manqui et 
al., 1991]. 
Since a change in bubble size will inevitably have an influence on other 
parameters that govern recovery-grade trends, it is important to measure mean 
bubble size or bubble size distribution. There is no direct method for measuring 
bubble size distribution in flotation slurries. Photographic methods may be 
applied to a water-gas system but this is a long and painstaking process. 
Furthermore bubble size distribution may differ where slurry replaces water 
[Standish et al., 1991]. 
Dobby et al. [1988] tried to estimate bubble size using the drift flux analysis 
approach. The method is essentially based on calculating terminal velocity (U^) 
of bubbles from known parameters using the following relationship. 
where m is a function of bubble Reynolds number, 8g is gas hold-up, Vg and Vf 
are superficial gas and liquid velocity respectively. Bubble size is then estimated 
using 
+ 2,46 
where d^ is bubble size (cm), (Xf is viscosity of liquid (g/cm*s), Reg Reynolds 
number in a swarm and Ap is density difference between two phases. As far as 
Dobby et al. [1988] showed this approach is in good agreement with the findings 
obtained from a photographic analysis. However, the method has no 
applicability for a bubble size distribution and it estimates a single mean bubble 
size representing the whole system. Standish et al. [1991] used another approach 
to estimate bubble size distribution. The way they evaluated the case is similar to 
calculating particle size distribution by the sedimentation method. Although the 
approach is quite impressive and allows one to estimate bubble size and 
distribution, they did not give any information about its applicability to a real 
column flotation system where slurry has a downward movement, there are 
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hydrophobic minerals and rising of bubbles will be considerably effected by 
these factors. As they pointed out, the method is not very accurate and perhaps a 
more elaborate evaluation may be needed if better precision is sought. 
Residence or retention time of particles in a column is a function of liquid 
retention time, particle diameter, particle density, and also it depends on the 
location of the feed point and mixing characteristics of the column [Finch and 
Dobby, 1990; Ynchausti et al., 1988; 6; Goodall and O'Connor, 1991]. Finch 
and Dobby [1990] proposed the following equation for the estimation of particle 
mean retention time. 
where Xp and is mean retention time for particle and liquid respectively, Ugp is 
the particle slip velocity Eg is the gas hold-up and Jgi is the superficial slurry rate. 
As the particle size reduces Ugp will approach zero and the value of xp will be 
closer to that of Xj. On the other hand residence time distribution can be 
predicted using one of the two standard approaches, viz. plug flow and tanks-in-
series/dispersion models [Finch and Dobby, 1990; Laplante et al., 1988; Mavros 
et al., 1989]. 
One of the factors that determines recovery-grade profile for columns is the 
degree of mixing. Mixing in a column cell is not desired because it decreases 
mean retention time, causes recovery to drop and leads to poor selectivity [Finch 
and Dobby, 1990; Goodall and O'Connor, 1991]. However, it becomes less 
significant at increasing column height/diameter ratios [Finch and Dobby, 1990]. 
Degree of mixing in any reactor can be expressed using a parameter called axial 
dispersion coefficient, E, such that the lower the E value the less the mixing is. 
Finch and Dobby [1990] expressed E (m^/s) in terms of column diameter and 
superficial gas rate as shown below. 
13 = ().0(53 2.48 
1.6 
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where is column diameter (m) and Jg is superficial gas rate (cm^/s). Based on 
the experimental results they further concluded that E for liquid and solids are 
similar and the equation above can be applied for both. The effect of slurry 
density on axial dispersion coefficient was taken into account by Laplante et al. 
[1988]. They proposed the following equation suggesting that increasing slurry 
density will give rise to higher viscosities and that will reduce E. 
E = 2.98 * * exp(-0.025 * S) 2.49 
where S is the slurry density. Since plug flow transportation in a column is never 
maintained, the whole system could be considered as a construction of 
hypothetical tanks in series. Mavros et al. [1989] established their mixing model 
which was based on the approach that E is a function of those hypothetical 
zones-in-series as seen below. 
E = 2,50 
2N 
where N is number of zones-in-series, U l is liquid superficial velocity, L is 
height of column and X is backflow parameter. 
The operational design of column cells enables the efficient use of wash water. 
Wash water is introduced at the top of the froth zone thus it helps entrained and 
loosely attached particles in the froth zone drain back into the pulp. As 
superficial gas rate increases more feed reports to the concentrate so the grade 
drops. That is why the higher the superficial gas rate the more wash water 
should be fed into the system. Since wash and feed water flow in opposite 
directions there is a net water flow in the froth zone which is called bias water. 
In the literature downward flow refers to positive bias and it is a precondition for 
an efficient performance. In order for the wash water to function effectively its 
rate should be just enough to start a positive bias, otherwise excessive bias will 
encourage downward flow of all particles thus dropping the overall recovery. 
Wash water, however, does not report into the collection zone altogether and it is 
difficult to predict how much will contribute to bias [Finch and Dobby, 1990]. 
Unlike conventional flotation, in column cells deeper froths have to be 
maintained and wash water helps a froth layer stabilise itself. 
CHAPTER i n 
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3.1. Description of Research Techniques 
In the floatability tests that were conducted in this work three flotation 
techniques were used: Hallimond tube, bench flotation and column flotation. 
Investigations into the interaction of the mineral with the surfactant F1 were 
carried out using a number of techniques namely adsorption, electrophoretic 
mobility and infrared spectroscopy. 
3.1.1. Hallimond Tube Tests 
The first series of flotation experiments were performed with a Hallimond tube 
which had an active operating volume of approximately 140 mi. An agate pestle 
and mortar was used for grinding samples and the size fraction -90+45 p.m was 
recovered by dry screening and used in all experiments. Agitation was necessary 
to keep the particles in suspension and was effected with a magnetic stirrer in the 
aqueous medium. Oxygen free nitrogen was used as the flotation gas and the 
flow rate was maintained at 3.2 ml/min by means of a micro valve and flow 
meter. In order to avoid short-circuiting of particles into the concentrate section 
by excessive mixing a piece of glass plate was placed vertically just above the 
magnetic follower. In the initial tests sample grinding was carried out in 
nitrogen, however, subsequent test work showed that grinding under atmospheric 
conditions caused no difference in flotation results. Hence samples were 
prepared in air prior to each test for the later runs. 1 g of sample was used in all 
experiments unless otherwise stated. The pH of solutions containing known 
amounts of collector was adjusted before transferring into the Hallimond tube. 
This initial pH was accepted as the operating pH. After 5 minutes conditioning, 
nitrogen was introduced into the cell and particles were allowed to float for 2 
minutes. At the end of the flotation, the floating and nonfloating products were 
removed from the cell and dewatered using sintered glass filters having a 
porosity grade of 3. The moist samples were dried at 100°C for 1 hour and then 
weighed. In Figure 3.1 the schematic representation of the Hallimond Tube cell 
used in this investigation is shown. Single distilled water was used in all 
experiments. 
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Figure 3.1. The schematic diagram of the Hallimond tube used in this 
investigation. 
3.1.2. Bench Flotation 
These tests were performed with a Denver flotation apparatus using two different 
cell capacities. A beaker was employed where the pulp weight to be 
accommodated was 1400 g of which 20% was solid. The second cell was a 5 L 
standard Denver cell which was used for all larger quantities. In all bench 
flotation experiments the solid phase contained 90% quartz powder, 8% pyrite 
and 2% arsenopyrite. Pyrite and arsenopyrite samples were ground in a steel 
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vibrating mill to give a particle dgo size of 45 |im. The quartz sample was 
obtained in a finely ground form and was prepared by screening at 75 jim 
followed by removal of the very fine fraction by decantation. The speed of the 
impeller was 1500 r.p.m. throughout the experiments. The uppermost froth layer 
was removed from the cell manually using a rectangular shaped Plexiglas palette. 
At the end of each flotation test adequate amounts of flocculant were added into 
the slurry which was left for the solids to settle out, dewatered and put into an 
oven to dry at 100°C. Before the analytical procedure, care was taken to break 
flocculated lumps for representative sampling. Air was employed as a flotation 
gas and unless otherwise stated tap water was used in all experiments. 
3.1.3. Column Flotation 
A column cell made of Pyrex glass was designed and constructed at the Royal 
School of Mines. The total length and diameter of the cell was 235 and 3 cm 
respectively, however, because of the shortage of space the height was somewhat 
less than the recommended optimum value [Finch and Dobby, 1990]. The feed 
point was approximately one third from the top of the column so that the 
collection zone (the section between the feed point and the bubbler) was 160 cm 
in height. The so-called recollection zone that is between the feed point and the 
froth-pulp interface was chosen to be 30 cm. The thickness of the froth layer, 
under these conditions, was 35 cm. The slurry was kept agitated during the 
flotation and fed into the system by means of a peristaltic pump. Tailings were 
collected in a sealed tank and the overflow water from this tank was diverted 
through a pipe and elevated to maintain the level of the pulp interface, as shown 
in Figure 3.2. Oxygen-free nitrogen was used as the flotation gas and its 
volumetric flow rate was controlled with a GAP flow meter. A number 3 
sintered glass sparger was employed in order to produce bubbles. A device 
producing a spray of water was fitted at the top of the column and provided wash 
water for the froth layer from a container. Although the flow rate of the wash 
water was monitored with a flow meter, the actual amount of water consumed 
was measured accurately by taking the difference between the initial and final 
weights of the container. No device was used to collect the froth from the cell 
and it flowed freely in to the respective collection units. As soon as the feed was 
finished, the system was shut down at once and subsequent measurements were 
undertaken. Tap water was used in all experiments. 
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Figure 3.2. The schematic diagram of the column cell used in this study. 
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3.1.4. Adsorption Tests 
The adsorption characteristics of F1 onto pyrite and arsenopyrite were obtained 
by performing a number of experiments. For this purpose 1 g of sample was 
shaken for 16 hours in a 250 ml stoppered conical flask containing 100 ml of test 
solution. The size fraction of particles used in this experiment was less than 45 
|im. After a given period of treatment an amount of slurry was taken and 
centrifuged to separate the suspended particles. Then the centrifuged solution 
was filtered through a disc filter with a pore size of 0.2 |im. This solution was 
used for all subsequent analyses. In order to calculate the amount of collector 
adsorbed, the concentrations of initial and final solutions were measured 
according to the analysis method described by Pearce and Streadfield [1965] and 
the difference was assumed to be the amount accumulated on the mineral surface. 
Adsorption was evaluated in terms of the quantity of collector extracted per m^ 
of mineral surface. The specific surface areas of pyrite and arsenopyrite, 
measured by means of a Monosorb equipment, were found to be 0.59 and 0.46 
m^/g respectively. 
3.1.5. Electrophoretic Mobility Measurements 
Electrophoretic mobilities of mineral particles were determined using a Malvern 
Zetasizer II type equipment. All experiments were conducted at 25^0 and 
double distilled water was used. Small amounts of mineral sample were hand 
ground in an agate pestle and mortar in air and transferred to a stoppered botde 
filled with water at pH 10. The bottle was shaken thoroughly until all the 
particles were in suspension and left for 5 minutes to allow the coarser particles 
to settle out. Following this procedure 1 or 2 ml of the uppermost part of 
solution, depending on the concentration of the solids, was added into a beaker 
containing 100 ml of water whose pH had been adjusted to 10. This solution was 
conditioned for 15 minutes, its pH was readjusted to the desired value and after a 
further 10 minute conditioning time the solution was introduced into the 
instrument. When the collector was present it was added to the solution 5 
minutes after the pH was adjusted and a further 5 minutes was given before the 
measurement was started. For every measurement a new syringe was used. An 
adequate amount of sample was passed through the compartment of the machine 
to ensure an impurity-free medium, the settings were adjusted quickly to 
optimum values and the electrophoretic mobility was measured for a duration of 
32 seconds. In between measurements the sample compartment was cleaned 
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with 10-3 mol/1 NaC104. The mean value calculated by the computer was 
accepted as the mobility of the particles. The procedure described above was 
repeated for every new measurement carried out. A Coming pH meter was 
employed throughout all experimental work. 
3.2. Description of Materials Used and Preparation 
All the reagents used for the experimental studies were of Analar grade except 
for the xanthates and the Dow collectors. In order to purify the industrial ethyl 
and amyl xanthates obtained from the Cyanamid company, they were first 
solubilised in acetone and subsequently recrystallized in ether. The Dow 
collectors S7 and F2B were 100% pure whereas F1 contained 40% active 
ingredient, 40% water and 20% sodium propionate. No further purification was 
applied to Fl , S7 and F2B; however, some experiments were run with FX having 
99.5% purity which was especially crystallised by Dow Chemical Company. 
The dodecylamine used for surface tension and electrophoretic mobility 
measurements had a 99% purity. Except where stated all the pH adjustments 
were achieved with HCl and NaOH. 
The pyrite and arsenopyrite containing mineral samples were obtained from 
different localities, however, the same type of specimen was used for all the 
Hallimond tube, adsorption and electrophoretic mobility tests. The pyrite and 
arsenopyrite were from Mexico and Australia, respectively. Although the pyrite 
was of high purity, some further purification was found to be useful. Therefore 
after crushing the sample below 10 mm, coarse gangue minerals were removed 
by hand picking. Eventually the sample size was reduced below 2 mm and the 
-0.3 mm portion was discarded. In order to achieve a satisfactory purification the 
-2+0.3 mm size fraction was successively fed to a high intensity disc magnetic 
separator. The final product was washed with Analar grade ethyl alcohol and 
stored in glass bottles 
The original arsenopyrite sample only contained 40% FeAsS prior to 
purification, hence an extensive concentration procedure was applied. After 
hand picking of all the coarse gangue minerals, the sample was crushed to below 
0.5 mm and further treated. Particles less than 0.125 mm were discarded and the 
-0.5+0.125 mm size fraction was subjected to high intensity magnetic separation 
followed by electrostatic separation. Due to the existence of calcareous minerals 
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the sample was treated with 0.1 mol/1 HCl for 1 hour and subsequently washed 
with distilled water and ethyl alcohol. In table 3.1 chemical analyses of the 
pyrite and arsenopyrite are presented. Electron microprobe analysis revealed that 
the insoluble matter in pyrite was quartz, as well as some iron silicates. On the 
other hand arsenopyrite contained around 2.8% pyrite as the main diluent. The 
final purified samples assayed 98.1% pyrite and 95.8% arsenopyrite in the 
respective materials. 
Table 3.1. Chemical analyses of pyrite (a) and arsenopyrite (b) 
(a) (b) 
Substance Amount % 
Fe 46.36 
S 51.77 
Cu Nil 
Ni 0.03 
Co 0.06 
Insoluble 2.06 
Total 100.28 
Substance Amount % 
Fe 34.37 
As 44.02 
S 20.25 
Cu 0.05 
Zn 0.15 
Pb 0.12 
Insoluble 1.24 
Total 100.20 
Pyrite from Peru and Columbia and arsenopyrite from Cornwall and Scotland 
were also used in some flotation tests. Since a mixture of minerals are employed 
in bench and column flotation work no purification was applied to this group of 
samples but essential analysis was carried out and the results are shown in table 
3.2. 
Table 3.2. 
locations. 
Chemical analyses of pyrite and arsenopyrite from different 
Substance % Columbia Peru 1 Peru 2 
FeS? 92J 92.4 91.3 
Cu 0.5 Nil Nil 
Substance % Cornwall Scotland 
FeAsS 8&1 79L8 
Cu 5.8 Nil 
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3.3. Description of Analytical Techniques 
A Perkin Elmer 1100 B type atomic absorption spectrophotometer was used for 
the analysis of all elements except for arsenic and sulphur, however, some 
samples of iron were analysed by potassium dichromate titration. A gravimetric 
sulphur analysis was effected by precipitation with barium chloride. Since the 
sensitivity of atomic absorption spectrophotometer for low levels of arsenic was 
very poor, a colormetric analysis technique described by Funing and Daren 
[1982] was adopted and a Perkin Elmer SP6 200 type spectrophotometer was 
employed for all colorimetric measurements. Solid samples were dissolved in 
nitric and hydrochloric acid in order to prepare solutions for subsequent analysis. 
During this procedure no losses in sulphur and arsenic as volatile species was 
observed. 
Spectrophotometric analysis of xanthate solutions have been investigated by 
many people and it is known that xanthates show a maximum peak at 301 nm. In 
this regard aqueous solutions of Fl , S7 and F2B were spectrophotometrically 
examined at wavelengths between 190 and 800 nm. Direct examination of 
solutions with varying concentrations gave no distinctive peaks at any 
wavelength in this range. Since F2B and S7 was not to be used in any 
experiments requiring analysis of these collectors in solutions, no further effort 
was spent towards finding any other methods. However, as Fl was to be used in 
adsorption tests it was necessary to determine this collector quantitatively in 
solutions. Therefore a spectrophotometric analysis of Fl was carried out 
according to the method developed for amines by Pearce and Streadfield [1965]. 
According to this method Fl in the solution was extracted by chloroform using 
bromocresol blue as an indicator. Analyses were performed over a concentration 
range of 0 to 10 mg/1 where the value of absorption changed linearly. However, 
the accuracy of the method was observed to suffer below 0.5 mg/1 Fl 
concentration especially when the adsorption solutions were analysed. The 
extract was found to give a strong single peak at 412 nm and for all the analyses 
of Fl this method was adopted. 
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3.4. FTIR Studies 
Flotation involves a series of complicated interactions between surface species 
and reagents. Although this mineral processing method has been applied « 
successfully, its mechanism is not well understood. Electrokinetic, 
electrochemical, and spectroscopic techniques are used widely to shed light on 
phenomena taking place on surfaces. Spectroscopic techniques, perhaps, are the 
most useful of all because of vast range of applicability and of their ability to 
give more direct information about surfaces. There are many spectroscopic 
methods, such as atomic absorption, UV-visible, infrared, Raman, nuclear 
magnetic resonance. X-ray photoelectron, secondary ion mass and so on. 
However, there is no single method able to satisfy questions regarding chemical 
interactions in flotation system. 
Infrared spectroscopy (IR) is, probably, the most well known and most applied 
method. Techniques such as KBr disc, multiple reflection, attenuated total 
reflection (A.T.R) and diffuse reflectance are some of the options which can be 
employed to identify surface species by IR. [Giesekke, 1983; Persson et al., 
1991; Peck et al., 1964; Mielczarski et al., 1979; Leppinen, 1990; Leppinen et 
al., 1989]. Multiple reflection and A.T.R. enable insitu analyses that allow the 
researcher to examine the surface without disturbing the adsorption environment. 
It is, therefore, possible to change conditions such as pH, Eh and observe the 
difference in spectra. 
Fourier Transform Infrared Spectroscopy (FTIR) is essentially an IR technique in 
which a number of spectral scans are taken over a relatively short period and the 
data is processed by a computer using Fourier's mathematical function. 
Attempts were made employing a Perkin Elmer 1760 X type FTIR equipment to 
investigate the chemical reactions that F1 undergoes on contact with the mineral 
surface. Three techniques were tried for spectral measurement and accordingly 
three different type of samples were prepared. These were KBr discs for 
transmission spectroscopy, polished surfaces for single reflection spectroscopy 
and powders for diffuse reflectance spectroscopy. KBr discs were prepared with 
powders of pyrite or arsenopyrite which were ground below 45 |im. 1 g of 
ground material was put into a conical flask containing 100 ml of F1 solution the 
concentration of which was 2.53*10"'^ mol/1 and shaken for 16 hours. The 
experiment was carried out at around pH 5 and pH 11 in order to represent the 
regions where complete flotation and depression occurs. At the end of a 16 hour 
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agitation time, the solution was filtered using a Watman filter paper number 542 
and the solids were washed thoroughly with distilled water to clean the surfaces 
of any F1 residue. Then the filter paper and the contents were transferred into a 
desiccator and vacuum dried. The sample for diffuse reflectance spectroscopy 
was prepared in a similar manner except that the particle size range was between 
90 and 45 jim. Specimens were cut from pure crystals of pyrite and arsenopyrite 
to prepare polished sections for reflectance spectroscopy and gradually ground 
using silicon carbide and diamond abrasives. After washing the sections with 
Analar grade ethyl alcohol and distilled water they were put into bottles 
containing 2.53*10"^ mol/1 F1 solutions and the bottles were rotated for 16 hours. 
Spectroscopic examination of KBr pellets of sulphide powders and polished 
mineral surfaces, unfortunately, gave no identifiable peaks related to those for 
Fl . However, analysis of -90+45 |im size fraction with diffuse reflectance 
accessory was undertaken by the Spectratech Company and this work showed a 
small peak associated with C-H stretching at 2930.8 wave number for pyrite 
conditioned at pH 5, 10 and 11 in an increasing order of intensity. The spectra of 
all three samples are shown in Figure 3.3 together with that of Fl which was 
obtained by the KBr disc technique. 
3.5. Surface Tension Measurements 
Surface tension of a liquid phase may be defined as the work done to create a 
unit area of a new surface. Measurement of the surface tension of a solution 
containing any kind of surfactant under different conditions provides some 
information about the changes taking place in the nature of the system. In this 
regard, alterations of the temperature, pH or reagent concentration may have such 
an effect that at some critical stage abrupt changes can occur in the general 
behaviour of the surface tension. For instance, at high concentrations, collector 
molecules may attach to one another through their hydrophobic parts and form 
multimolecular aggregates. Such clusters are called micelles and may have 
different shapes. The molecules in a micelle arrange themselves so as to leave 
their hydrophilic heads pointing towards the bulk of the solution. 
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Figure 3.3. The spectra of Fl, and pyrite powders conditioned in Fl solutions of different pH. (a) Fl, (b) pH 5, (c) pH 10, (d) pH 11. 
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The concentration at which micelle formation starts is called the critical micelle 
concentration (C.M.C). Above the C.M.C. there is no increase in the dissolved 
concentration of the reagent since any excess amount will be used for creating 
more micelles thus no further decrease in the surface tension will be seen 
[Hunter, 1989a]. Although micelle formation is encouraged by increasing 
surfactant concentration there are other factors which influence this phenomenon 
such as temperature, chain length, presence of counter ions and so on. Micelles 
forming on surfaces are called hemimicelles and they require lower critical 
concentrations than that required for micelles forming in the solution because of 
local increase in the concentration of surfactant owing to its adsorption on a 
surface. Hemimicelles inhibit the floatability of minerals as the surface is 
covered with a second layer of molecules presenting a hydrophilic character to 
the aqueous phase. 
The surface tensions of solutions prepared with 99.5% pure F1 were measured 
with a Kruss K 10 type digital tensiometer using the Nouy ring method and the 
results were compared to those for dodecyl amine. The platinum ring was 
washed with distilled water and then heated to redness by holding above a 
Bunsen burner before every measurement was started, but a white heat was 
avoided since this would cause the formation of platinum black. The sample 
vessel which was made of refractory glass was washed with distilled water and 
like the platinum wire it was also heated to glowing to bum any organic residues. 
Since the same type of solution was used in each set of experiments heating of 
the glass cell was only practised at the beginning of each group of measurements. 
However, in between the measurements the vessel was thoroughly washed with 
distilled water and rinsed with the solution to be tested. In all experiments single 
distilled water was used. 
Three sets of experimental conditions were used to determine the surface 
tensions of FX and dodecylamine solutions. Those were surface tension against 
reagent concentration at acidic pH (except for dodecylamine), at basic pH and 
varying pH at constant reagent concentration. Figure 3.4 shows the change in the 
surface tension with respect to F1 concentration at acidic pH. As can be seen the 
drop in the surface tension is quite small even at high F1 concentrations. 
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Figure 3.4. The surface tension of F1 at around pH 5.0-5.5. 
It is anticipated that at this pH almost all the collector molecules will be present 
as positively charged cations due to the protonation of amine molecules at low 
pH values. Since species with like charges will repel each other, the 
accumulation of amine cations on the air-water interface may be restricted to 
some extent by such repulsive forces. 
In Figure 3.5 the surface tension as a function of collector concentration is shown 
for F1 and dodecylamine at basic pH. Unlike the results obtained at acidic pH 
the drop in the surface tension is clear for both species. F1 exhibits a smooth fall 
beyond 5.06*10-5 mol/1 and there is no sign of micellisation up to 0.01 mol/1 F1 
concentration. On the other hand, dodecylamine showed a rather different 
behaviour starting with a reduction in the surface tension at comparatively lower 
concentrations and there is a point beyond which surface tension is independent 
of the collector concentration. In this case it can be inferred that this point 
corresponds to where micellisation starts. 
How the surface tension is effected by changing pH at constant concentration is 
shown in Figure 3.6 for both collectors. Note that the concentration of F1 is 
almost 100 fold that of dodecylamine. The behaviours of F1 and dodecylamine 
display similarity in that between pH 8 and 9 the surface tension drops sharply to 
a value around 40 mN/m and then remains fairly constant up to pH 12. 
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Figure 3.5. Surface tension of F1 and dodecylamine at pH 11 and 10.4 
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Figure 3.6. Surface tension of F1 and dodecylamine against pH. The 
concentrations of F1 and dodecylamine are 5.06*10-3 and 5.39*10-^ mol/I, 
respectively. 
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The drop in the surface tension reflects the increasing deprotonation of the cation 
so that the molecular species formed could adsorb on the air-water interface 
leading to a drop in the surface tension. 
It is clear from the findings that in terms of surface tension characteristics, F1 
acts somewhat differently from dodecylamine. No indication was found of 
micelle formation at any concentration of F1 tested. Thus, the surface tension of 
F1 solutions decreased steadily up to considerably high concentrations without 
any sign of molecular aggregation. 
CHAPTER IV 
PYRITE FLOTATION 
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4.1. Hallimond Tube Flotation Tests 
The flotation characteristics of pyrite using sodium ethyl xanthate, potassium 
amyl xanthate, S7, F2B and F1 were studied with the Hallimond tube flotation 
technique. In all tests, 1 g of sample with a particle size between -90 +45 |im 
was used. When performing an experiment, first the freshly ground and sized 
sample was transferred on to the sintered glass frit and the upper part of the 
flotation cell was fitted (see Figure 3.1). Then the collector solution of a known 
concentration and pH was poured into the cell and the sample was conditioned 
for five minutes. After conditioning, nitrogen was turned on and allowed to 
bubble for two minutes for the collection of the particles. In the case of flotation 
with xanthates in the acidic range, care was taken to transfer the collector 
solution into the cell immediately after preparation due to the fast decomposition 
rate of these collectors. The pH of the solution was measured after flotation in 
order to check if there was any substantial change. In general pH was observed 
to drop slightly, but was not such as to influence the floatability of the sulphides 
seriously. Unless otherwise stated these conditions were maintained throughout 
the Hallimond tube flotation experiments. 
4.1.1. Flotation with Xanthates 
Flotation of pyrite with xanthates was carried out applying two sets of 
conditions. In the first series, the collector concentration was kept constant and 
the pH was changed from 2 to 12 so that the flotation response across the pH 
scale was established. The second series of experiments were conducted in the 
pH region where the flotation recovery was optimum so that the effect of 
increasing the collector concentration was monitored. In Figure 4.1 the flotation 
recovery of pyrite against pH is shown. The optimum pH for the best flotation 
recovery was found to be in agreement with other studies [Fuerstenau, 1980; 
Elligani and Fuerstenau, 1968]. However, a secondary maximum observed by 
other investigators around pH 9 did not appear here for ethyl xanthate (NaEX), 
while in the case of amyl xanthate (KAX), the flotation trend was characterised 
by two recovery maxima with an intermediate depression area about pH 8. 
Nevertheless this is the characteristic trend expected for the flotation of pyrite 
with xanthates. The floatability is low at highly acidic pH, probably due to the 
decomposition of the collector, and typically reaches its maximum at around pH 
3.5-4. 
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Figure 4.1. Flotation of pyrite with 6.94*10-5 mol/1 ethyl and 4.95*10-5 mol/l 
amyl xanthates. 
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Figure 4.2. Flotation of pyrite with ethyl and amyl xanthates at pH 4 and 
3.5 respectively. 
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Figure 4.1 indicates that the optimum pH for the best recovery is around 4.0 and 
3.5 for ethyl and amyl xanthate respectively. Therefore, another set of 
experiments was run about these pH values and the floatability of pyrite with 
collector concentration was monitored. The results seen in Figure 4.2 suggest 
that the collecting power of ethyl xanthate is much weaker than that of amyl 
xanthate so that to attain the ultimate recovery requires less collector when amyl 
xanthate is used. 
4.1.2. Flotation with S7 
The solubility of S7, as mentioned previously in Chapter 2, is very low, therefore 
the stock solution was prepared in Analar grade ethyl alcohol. The flotation 
liquors so prepared from this stock solution did not exceed a concentration of 
8.4*10-6 mol/1 which corresponds to 2 mg/1. Collectorless flotation of pyrite 
with ethyl alcohol was also conducted in the same pH range to see if the recovery 
was influenced by the presence of alcohol. Figure 4.3 presents flotation recovery 
of pyrite with respect to pH at 8.4* 10'^ mol/1 S7 concentration. A number of 
flotation tests performed show that floatability is quite good in the low pH region 
up to around 4.5. Unlike the xanthates, S7 is still effective for pyrite flotation 
even when extremely acidic conditions were used. At moderately acidic and 
basic pH values there is generally poor recovery. On the other hand, ethyl 
alcohol does not seem to contribute to the floatability of pyrite and the recovery 
was less than 5% using ethyl alcohol alone at all conditions. 
These findings suggest that recovery is good at pH values from 2 to 4.5 and 
hence pH 3 was chosen for observations on the effect of collector concentration 
on recovery. The results given in Figure 4.4 show that the ultimate recovery is 
attained at 8.4*10-6 mol/1 collector concentration which is approximately the 
solubility limit for S7. However, there is no doubt that given enough time the 
recovery would reach higher values than those reported here. But it is necessary 
to restrict the flotation time in order to enhance the differences in the flotation 
behaviour of various collectors. An interesting observation was that during 
flotation at acid pH where good flotation occurs, particles were observed to stick 
together to form large agglomerates and the flotation effectively started in the 
second minute after the nitrogen was introduced. 
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Figure 4.3. Flotation of pyrite with S7 at 8.4*10-6 mol/l collector 
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Figure 4.4. Flotation of pyrite recovery against S7 concentration at pH 3. 
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These agglomerates actually trapped air bubbles inside them and this together 
with hydrophobicity, enhanced the flotation. Such agglomerates did not seem to 
occur when flotation was performed with ethyl alcohol only. 
4,1.3. Flotation with F2B 
The solubility of F2B, which is a 1/1 mixture of S7 and F2, is also very low like 
S7. Therefore the same procedure to prepare the stock and flotation solutions 
was followed as that for S7. Since this collector comprises two chemicals with 
different molecular weights the unit of concentration is given in mg/1 such that 2 
mg/1 F2B is equal to 4.2*10-6 mol/l S7 plus 5.75*10-6 mol/1 F2. Figure 4.5 
shows pyrite recovery against pH. As in the case of S7 a good flotation response 
is exhibited at highly acidic conditions. A minimum in floatability is observed 
around pH 7 and beyond that point there is a slight increase in the recovery to as 
much as 20% at pH 12. A similar phenomenon regarding agglomeration of the 
particles was observed here also and, like S7, the flotation response of the 
particles was slow during the first minute. 
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Figure 4.5. Recovery of pyrite with 2 mg/1 F2B concentration. 
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F2 which is one of the constituents of F2B falls in the same group as F1 in terms 
of chemistry and molecular structure. The attachment mechanism for F2 is also 
suggested to be chelation and like F1 it is an amine type collector. From 
consideration of the molecular structure it may be predicted that the response of 
pyrite to floatation should be good under alkaline conditions. However, the 
results show poor flotation throughout the basic pH range except for a slight 
improvement beyond pH 11. 
4.1.4. Flotation with F1 
The flotation behaviour of pyrite with F1 showed a very different trend from that 
obtained using the other collectors. The general tendency that has been observed 
so far is that recovery reaches its maximum in the acidic region and starts to 
decline beyond pH 4-5. Except for the case of KAX, floatability did not recover 
at alkaline pH and continued to be insignificant. Figure 4.6 shows the flotation 
recovery of pyrite with two different F1 concentrations. Whilst no floatability is 
observed up to a pH of approximately 9.5, the recovery jumps to around 90% at 
pH 10.3 and it is maintained well beyond pH 11 at high F1 concentrations. On 
the other hand, even at high F1 concentrations the recovery below pH 9.5 is low 
which suggests that development of hydrophobicity is strongly pH dependant. 
The sharp increase in recovery is an important point for achieving selectivity in 
flotation separations, since the region across which floatability is induced is well 
defined and clearly isolated. It is worthwhile noting that these features were only 
seen for F1 and the remaining collectors investigated here generally did not show 
such a distinctive pH response. Furthermore, during flotation the particles were 
not observed to agglomerate and they started to float as soon as bubble formation 
was induced in the pulp. 
Since quartz was used as an artificial gangue material in the column flotation 
experiments, a series of flotation tests were performed across the pH scale using 
1.01*10-5 mol/1 F1 concentration. Since F1 is a cationic collector it would be 
predicted that some flotation of quartz should occur as other cationic collectors, 
such as dodecylamine which is known to give good hydrophobicity. However, 
virtually no flotation was observed for quartz when using Fl . The results of 
these runs are included in Figure 4.6. The effect of increasing Fl concentration 
on the recovery of pyrite was studied at around pH 11 and the results are shown 
in Figure 4.7. When compared to xanthates (Figure 4.2) it is clearly seen that the 
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Figure 4.6. Recovery of pyrite and quartz using F l at different pH. 
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Figure 4.7. The effect of increasing Fl concentration on the recovery. 
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induction of flotation required only a smaller amount of collector and the 
recovery rose sharply so that it reached its ultimate value at quite low F1 
concentrations. Applying preconditioning to the sample before introducing the 
collector increased the floatability greatly. Therefore in the following 
experiments, a 10 minute conditioning time was applied at the natural pH, which 
was around 5. However, as will be shown presently, arsenopyrite also responded 
well to pre-treatment. It is seen in Figure 4.8 that the F1 concentration required 
for ultimate recovery was less than that required without pre treatment. As has 
been mentioned previously, NaOH was used to adjust the pH in the alkaline 
range. In industry, on the other hand, lime is generally used to increase pH due 
to its cheapness relative to NaOH. For this reason the effect of Ca(0H)2 addition 
to regulate the pH was investigated by carrying out a limited series of flotation 
tests. Unfortunately adding Ca(0H)2 affected the flotation recovery of pyrite 
adversely even at elevated F1 concentrations. Figure 4.8 shows the recovery 
response in the presence of Ca(0H)2. 
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Figure 4.8. The effect of conditioning on the flotation of pyrite at increasing 
Fl concentrations at pH 11. The triangles represent the tests performed 
with Ca(0H)2 as the pH regulator. 
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4.2. Adsorption 
A series of experiments were conducted to define the adsorption characteristics 
of F1 on pyrite and to relate it to the flotation behaviour. In this regard the effect 
of time, FX concentration and pH on the amount of collector abstracted was 
studied. Pyrite has been seen to float very well at around pH 11 and there is 
complete depression throughout the acidic region up to approximately pH 9.3. 
Therefore, adsorption tests were performed at two pH values; where recovery 
reaches its maximum and where depression occurs. Apart from these tests some 
experiments were conducted to find out if desorption could occur. The samples 
for adsorption tests were ground stepwise using an agate pestle and mortar until 
all particles were less than 45 |im. The same grinding procedure was applied for 
all sample preparations to avoid possible errors which might have been caused by 
different size distributions. Before the start of grinding, all the solutions were 
prepared with known concentrations and pH, 100 ml aliquots were transferred to 
the conical flasks and those pH values were accepted as the initial pH. 
Following this procedure, the samples were ground, mixed thoroughly and 
immediately weighed into 1 g portions and put in to the flasks. Every 
experimental point seen on the graphs shown in this section was obtained from a 
unique adsorption experiment. 
4.2.1. The Effect of Time on Adsorption 
The progress in the adsorption of F1 with respect to time was monitored at two 
different collector concentration and pH values. The experiments performed at 
basic pH showed that a great deal of F1 was consumed within 4 hours for 
5.06*10'^ mol/1 initial F1 concentration and the system reached an equilibrium. 
However, the removal of collector seemed to continue steadily without any sign 
of levelling when the initial concentration was 2.53*10"'^ mol/1. Actually the 
situation is similar for the case of 5.06*10-5 mol/l initial F1 concentration where, 
in fact, the system did not reach a true equilibrium, since there was almost no 
collector left in the solution. On the other hand it is not quite clear that all the 
collector which vanished from the solution was adsorbed solely on the surface. 
The depletion of F1 with time for two different concentrations is presented in 
Figures 4.9 and 4.10. 
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Figure 4.9. Adsorption of F1 onto pyrite against time around pH 11. Initial 
collector concentration is 5.06*10"^ mol/l. 
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Figure 4.10. Adsorption of F1 onto pyrite against time around pH 11. 
Initial collector concentration is 2.53*10-4 mol/l. 
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The adsorption characteristics of F1 against time were found to be somewhat 
different at acidic pH compared to that for alkaline conditions. The kinetics of 
adsorption seem to be slow and unlike the behaviour in basic medium, 
equilibrium was established beyond about 20 hours. Figure 4.11 shows the 
relation between the decline in the concentration of F1 and time at acidic pH. 
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Figure 4.11. Adsorption of F1 onto pyrite against time around pH 4.6. 
Initial collector concentration 2.53*10"'^  moI/1. 
4.2.2. Adsorption Isotherms 
In this group of experiments the adsorption density of F1 on the surface of pyrite 
was established as a function of final collector concentration. A 16 hour 
adsorption time was used for all experiments and equilibrium was assumed to 
have been reached. Although adsorption isotherms are usually expressed in 
terms of adsorption density against equilibrium concentration, an equilibrium was 
not reached here within 16 hours, for that reason the term "final concentration" is 
used throughout the figures unless otherwise stated. The amount of F1 adsorbed 
against final concentration for two different pH values is shown in Figure 4.12. 
Despite the fact that concentrations are not at equilibrium, the adsorption curves 
resemble a Langmuir adsorption isotherm which is characteristic of a monolayer 
coverage. The sulphate concentration in the adsorption effluents was also 
monitored and the results are presented in Figure 4.13. 
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Figure 4.12. Adsorption density on pyrite against final F l concentration at 
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4.2.3. The Effect of pH on Adsorption 
A series of experiments was carried out across the pH range from 3 to 11 in order 
to see how the adsorption of F1 on pyrite responded to the changing pH of the 
medium. The initial F1 concentration was 2.53*10-^ mol/1 in every case and the 
same procedure as for the other tests was applied. However, pH was found to 
vary during the experiment; by upto 2 pH units in the neutral region. Hence, in 
Figure 4.14 the adsorption density was plotted against mean value of initial and 
final pH readings. It is seen that the change in the amount of F1 adsorption with 
respect to pH does not follow a simple relationship. While increased amounts of 
F1 adsorbs up to a pH of around 5, adsorption declines at a pH range from 5 to 
approximately 6.5 and it'starts to increase again between pH 6.5 and 9.5, beyond 
this point it stays almost unchanged. 
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Figure 4.14. The effect of pH on the adsorption density of F1 on pyrite. 
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4.3. Desorption 
Desorption tests were performed to determine if the adsorption of F1 was 
reversible. These experiments were, in the beginning, run by diluting the 
samples which had been used for the adsorption tests because it was difficult to 
filter the very fine particles. After diluting around 2.7 times, the flasks were 
shaken for a 5 hour period. Although the concentration of F1 did not show any 
increase and it even decreased in some cases, it was thought the remaining 
collector in the solution after dilution might have caused this behaviour. 
Therefore another set of experiments was prepared using samples with a particle 
size fraction between 90 and 45 jim so that all the solution could be removed 
before diluting. The procedure for testing was identical to the case of the 
adsorption tests described above except that 3 g of sample was used due to the 
decreased surface area. Experiments were performed at two different pH values, 
11 and 4.7 respectively. After shaking the samples for 16 hours in 100 ml F1 
solutions of 2.53*10"^ mol/1, the liquid was filtered off and analysed for Fl . 
Then a small amount of the solid was taken for moisture analysis and the 
remainder was transferred into another flask containing 50 ml of water with a pH 
value corresponding to that of the adsorption solutions. A further 5 hour shaking 
was applied for the desorption test and finally the solution was analysed for Fl . 
Figure 4.15 shows the Fl concentrations at the beginning and end of the 
adsorption test. 
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Figure 4.15. Desorption ability of Fl off the pyrite surface. 
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The collector concentrations at the start of the 5 hour shaking period were 
calculated using the moisture content of the samples which were transferred into 
the flask for desorption test. Although the second set of readings was slightly 
higher than the first, the variations are in the range of experimental error and do 
not show that F1 is desorbed from the surface to any significant extent. For 
example if the 25% of the adsorbed F1 had happened to desorb, the concentration 
in the final solution should have read around 12 and 6.3 mg/1 for pH 11 and 4.8, 
respectively. 
4.4. Electrophoretic Mobility 
This section contains the results of the electrophoretic mobility (E.M.) tests for 
pyrite measured under various conditions. The purpose of this part of the study 
was to investigate whether or not the surface charge on the sulphide played an 
important role in the reagent attachment mechanism. In the case of specific 
adsorption it might be indicated by a shift in the electrophoretic mobility or 
isoelectric point (i.e.p.). In this regard the influence of pH and F1 concentration 
on the mobility of pyrite was monitored. The mobility measurements at various 
pH values were made in the absence and presence of F1 and the effect of F1 on 
the mobility was observed at constant pH. These results were compared with 
measurements conducted on quartz-dodecylamine, quartz-Fl and pyrite-
dodecylamine systems. The quartz sample used in these experiments was a 
powdered glass sand from Scotland whose chemical analysis is shown in Table 
4.1. The same sample was also used for column flotation tests. 
A 15 minute conditioning period at pH 10 was applied to all pyrite suspensions 
as the basic treatment. Such pre-treatment was necessary to obtain consistent 
readings. No supporting electrolyte was used since this was found to cause 
excessive flocculation, especially at low pH values. However, due to the pre-
treatment at pH 10, it may be assumed that the ionic strength was almost constant 
across the pH range in question, except for pH 11 in which the ionic strength was 
considerably higher than the rest. 
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Table 4.1. The chemical analysis of quartz used in electrophoretic mobility 
and column flotation tests [Edwards, 1991]. 
Substance Amount, % 
SiO? 99.7 
TiOi 0.01 
Al90c( 0.07 
Fe^Oq 0.03 
CaO 0.02 
MgO 0.05 
K9O 0.02 
Na?0 0.05 
4.4.1. Electrophoretic Mobility Against pH 
The mobility of pyrite was measured against pH in the absence of any collector. 
The pH of the solutions was controlled carefully until they were injected into the 
measurement chamber of the Zetasizer. Although the pH of the solutions was 
generally stable for the period required for the measurement, it fell comparatively 
readily at pH values 7 and 8. Therefore, the actual pH for these points might be 
slightly lower than those shown on the graph due to the changes taking place 
after the solution was injected. Figure 4.16 illustrates the electrophoretic 
mobility as a function of pH. Many investigators [Fuerstenau and Mishra, 1980; 
Fuerstenau et al., 1968; Wang and Forssberg, 1989; Fuerstenau et al., 1990] have 
found the isoelectric point of pyrite to be around pH 7. In this study it was 
determined to be at approximately pH 6.3. In an oxygen free solution Fuerstenau 
[1980] measured the i.e.p. of pyrite to be at around pH 4, he reported that 
oxidation shifted the iep to more basic pH values. 
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4.4.2. Electrophoretic Mobility with Respect to pH at Constant Fl 
Concentration 
The procedure followed here for these measurements was the same as above 
except all the solutions contained 2.53*10"^ mol/1 Fl . The method used to 
prepare the samples is described in Chapter 3. The problem experienced at pH 7 
and 8 did not appear to cause serious trouble in the presence of Fl . This may be 
attributed to the buffering action of the collector. Figure 4.16 shows 
electrophoretic mobility of pyrite against pH in the presence of Fl . 
No Fl 
» Fl, 2.53*10-4 moM 
-3.0 J 
3.0 5.0 7.0 9.0 11.0 
pH 
Figure 4.16. The effect of pH on the electrophoretic mobility of pyrite in the 
presence and absence of Fl. 
4.4.3. The Effect of Increasing Fl Concentration on Electrophoretic 
Mobility at Constant pH 
Whether or not specific adsorption of a surfactant onto a surface exists can be 
checked by monitoring the change in electrpphoretic mobility of particles as a 
result of increased concentration of that collector. If the species is specifically 
adsorbed, the mobility should be a function of the collector concentration. In this 
case, it may even be observed that the surface charge is reversed owing to the 
excessive accumulation of oppositely charged ions, with respect to the surface, in 
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the double layer. In this regard pH 5 and 11 were chosen for measurements at 
varying collector concentrations. The sample preparation was described in 
Chapter 3 and the F1 concentration ranged from 0 to 5.06*10-4 mol/1. The 
results are shown in Figure 4.17 for both pH values. Some other additional 
experiments were run to see the effect of pH on the electrophoretic mobility of 
the same sample across the i.e.p. in the absence and presence of Fl . In order to 
achieve this, the sample was prepared as has been described previously, the 
• pH5 
0.0 10.0 20.0 30.0 40.0 
Fl Concentration, mol/I*10^ 
50.0 60.0 
Figure 4.17. The effect of increasing Fl concentration on the electrophoretic 
mobility of pyrite at two different pH values. 
measurement was taken and then the pH was adjusted to 5 or 11 depending on 
the starting pH. After readjustment, the system was given a 5 minute 
conditioning period and the electrophoretic mobility was measured. As it is seen 
in Figure 4.18 for both cases the sign of the electrophoretic mobility value 
measured was as expected at that pH but its magnitude varied. When the pH was 
changed from 5 to 11 in the presence of Fl , the mobility remained more positive 
than that system containing no collector. However, it has been observed that a 
direct measurement at pH 11 gave the reverse. It may be suggested that either 
some ionic Fl species stayed on the surface or the adsorbed collector layer 
prevented the surface charge to become more negative. 
Chapter 4 94 
II P 
I 
5 
2.0 
1.0 
0.0 -
- 1 . 0 -
- 2 . 0 • -
-3.0 
A 
pH5 
pH5 ^ St NoFl 
^ Fl 2.53*10-4 mo]/I 
• Fl 2.53*10-4 mol/I 
13 NoFl 
EX 
pHll / 
A 
pHll 
• 
Measurement Point 1 Measurement Point 2 
Figure 4.18. The effect of swapping pH across the i.e.p. on the E.M. of pyrite 
in the presence and absence of Fl. 
4.4.4. The Effect of Dodecylamine and Fl on the Electrophoretic Mobility 
of Quartz at Constant pH 
Quartz provides a well known example of charge reversal by the action of 
dodecylamine, and Figure 4.19 presents the findings of an electrophoretic 
mobility study carried out as part of this work. Observations show that the 
reversal of surface charge of quartz with respect to collector concentration occurs 
under basic conditions at around 2.16*10-5 dodecylamine concentration. 
Although the mobility was never found to be positive in acidic solutions, it still 
continues to decrease with increasing collector concentration. As it was 
confirmed that dodecylamine had a dramatic effect on the surface of the quartz 
used in this study, the experiments were repeated to see if the cationic surfactant 
Fl behaved in a similar manner. However, as is seen in Figure 4.20 the 
influence of Fl on quartz is quite negligible and furthermore the electrophoretic 
mobility shows a slight tendency to be more negative as the Fl concentration 
increases. Such behaviour is comparable to the response of pyrite. 
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Figure 4.19. The effect of dodecylamine concentration on the electrophoretic 
mobility of quartz in acidic and alkaline solutions. 
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Figure 4.20. The effect of F1 concentration on the electrophoretic mobility of 
quartz in acidic and alkaline solutions. 
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4.4.5. The Effect of Dodecylamine Concentration on the Electrophoretic 
Mobility of Pyrite at Constant pH 
It was observed in the previous section that dodecylamine is capable of reversing 
the surface charge of quartz and this was indicated by the change in the direction 
of the particle migration. Obviously more and more dodecylamine cations are 
anchored on the surface and eventually exceed the negative charge density so that 
the net surface charge is rendered positive and particles start to move in the 
opposite direction. A similar type of experiment was carried out with pyrite at 
pH 10 in order to see how its surface charge was influenced by this collector. 
The results presented in Figure 4.21 show that the surface charge of pyrite is 
altered to some extent and it becomes less negative. However, the charge cannot 
be reversed as in the case of quartz. 
-2.0 
0.0 1.0 2.0 3.0 4.0 
Dodecylamine Cone., mol/l*10^ 
5.0 
Figure 4.21. The effect of dodecylamine on the electrophoretic mobility of 
pyrite at pH 10. 
CHAPTER V 
ARSENOPYRITE FLOTATION 
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5.1. Hallimond Tube Flotation Tests 
The flotation of arsenopyrite using a Hallimond tube was carried out under the 
same conditions as for pyrite. Therefore the experimental procedure and details 
are not repeated here. 
5.1.1. Flotation with Xanthates 
The flotation behaviour of arsenopyrite using ethyl xanthate (NaEX) and amyl 
xanthate (KAX) was investigated against the pH and collector concentration. In 
the first series arsenopyrite was floated at a pH range 2 to 12 employing a 
constant xanthate concentration. In the second series recovery of arsenopyrite 
was monitored against variable collector concentration at optimum pH values. 
As seen in Figure 5.1 the recovery of arsenopyrite against pH is comparable to 
that of pyrite. Maximum recovery is attained around pH 3.5 and floatability 
decreases with increasing pH. In the case of amyl xanthate a second peak is not 
observed when using an alkaline medium. The results obtained here are 
somewhat different from other investigators' findings in which the depression of 
the mineral occurred at much higher pH values [Vreugde, 1983; Guongming and 
Hongen, 1989; Wang and Forssberg, 1989]. 
The effect of the xanthate concentration on the floatability of arsenopyrite at 
constant pH is shown in Figure 5.2. As in the case of pyrite a better flotation 
recovery was achieved with amyl xanthate, on the other hand, a lower dosage of 
ethyl xanthate was required for the flotation of arsenopyrite compared to pyrite. 
Nevertheless, this difference would not seem to be significant enough to allow 
for a selective flotation at an acceptable recovery rate. 
5.1.2. Flotation with S7 and F2B 
Although the flotation recovery of arsenopyrite with the collectors S7 and F2B is 
at its optimum while using highly acidic medium, the floatability does not drop 
sharply as for pyrite, but smoothly decreases down to pH 10. The results are 
illustrated in Figure 5.3, compared with for pyrite shown in Figures 4.3 and 4.5. 
The behaviour of arsenopyrite during flotation was similar to that of pyrite. In 
the second half of the flotation time, the floatability was faster like pyrite and the 
particles were observed to form agglomerates. 
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Figure 5.1. The flotation of arsenopyrite with 6.94*10-5 mol/l NaEX and 
4.95*10-5 mol/l KAX. 
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Figure 5.2. The effect of increasing NaEX and KAX concentration on the 
flotation recovery of arsenopyrite at pH 3.2 and 3.5 respectively. 
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Figure 5.3. Flotation recovery of arsenopyrite with 8.4*10-4 mol/1 S7 and 2 
mg/1 F2B. 
5.1.3. Flotation with F1 
The flotation of arsenopyrite with Fl , as is seen in Figure 5.4, is rather feeble. 
Though the recovery starts to improve at relatively low pH values, it does not 
attain high recovery values as in the case of pyrite. Because of the poor flotation 
behaviour, no optimum flotation pH is distinguishable. However, it may be 
suggested that the recovery reaches its maximum around pH 10. 
When compared to pyrite, the recovery of arsenopyrite responded moderately 
well to increasing the Fl concentration. At 4.05*10-5 mol/1 Fl concentration just 
over 50% of the particles floated ( see Figure 5.5). This recovery is comparable 
to 90% recovery of pyrite obtained with 8.1*10-6 mol/1 Fl . However, when 10 
minutes preconditioning was applied to the particles before contacting them with 
the collector solution, the flotation of arsenopyrite exhibited a different 
behaviour. The effect of preconditioning on recovery was similar to that for 
pyrite, therefore the difference in floatability became less marked, yet a selective 
flotation still seemed possible. At 1.01*10-6 mol/1 Fl concentration the recovery 
obtained was about five times higher than that when no preconditioning was 
practised. 
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Figure 5.4. Flotation of arsenopyrite using 1.01*10"^ mol/1 Fl . 
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Figure 5.5. The effect of preconditioning and using Ca(OH)2 as pH 
regulator on the recovery of arsenopyrite around pH 10. 
Using Ca(0H)2 as a pH regulator had an adverse effect on the floatability of 
arsenopyrite. As it is seen in Figure 5.5 even applying a collector concentration 
as high as 2.03*10"^ mol/1 did not help improve the recovery a great deal. 
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5.2. Adsorption 
The adsorption characteristics of F1 onto arsenopyrite were studied at different 
pH and collector concentrations. A size fraction of minus 45 |im was used in all 
tests. Adsorption isotherms were established for pH values around 4.5, 10, 11 
and the effect of pH on the amount of collector attachment was monitored at 
constant F1 concentration. Collector uptake by the mineral against time at pH 10 
and 11 and against pH at 2.53*10-4 mol/1 F1 concentration was also monitored. 
5.2.1. Time Dependency of FX Adsorption 
Time dependency of F1 adsorption for arsenopyrite was established at pH 10 and 
11, all the test solutions contained 2.53*10"^ mol/1 initial collector concentration. 
Since the optimum flotation of arsenopyrite occurred at pH 10 and the separation 
was achieved at pH 11, these values were chosen to investigate the rate of 
adsorption. The results are presented in Figures 5.6 and 5.7. It is clearly 
observed that the adsorption characteristics of F1 onto arsenopyrite against time 
at pH 10 differs greatly from that seen for pyrite. No additional collector 
adsorption was measured beyond 2 hours, however, some fluctuations did occur 
and may be attributed to analytical errors. Nevertheless it could be suggested 
that the system reached equilibrium conditions, unlike the case of pyrite. On the 
other hand the collector uptake at pH 11 against time showed a somewhat 
different trend such that the rate of adsorption presented a smooth decrease as 
time progressed and the system took a longer time to reach equilibrium. 
5.2.2. Adsorption Against F1 Concentration 
Adsorption isotherms for the F1-arsenopyrite system were established at pH 4.5, 
10 and 11. pH 4.5 and 11 were chosen in order to compare the results with those 
of pyrite. At pH 10, however, the floatability was seen to be marginally better, 
therefore another experiment was run to establish the adsorption isotherm at this 
pH. Figure 5.8 shows the results obtained for three different pH values. The 
concentration of arsenic appearing in solution as a function of initial F1 
concentration is also shown in Figure 5.9. 
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Figure 5.6. Time dependeney of F1 adsorption onto arsenopyrite at pH 10. 
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Figure 5.7. Time dependency of F1 adsorption onto arsenopyrite at pH 11. 
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Figure 5.8. Adsorption density of F1 on arsenopyrite against final 
concentration. 
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Figure 5.9. The arsenic concentration in the solutions with respect to the 
initial F1 concentration. 
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5.2.3. The Effect of pH on the Adsorption 
A series of experiments were run across the pH scale in order to investigate how 
the amount of F1 adsorbed changed depending on the solution pH. As can be 
seen in Figure 5.10, pH has a remarkable effect on the adsorption of F1 onto 
arsenopyrite. The adsorption density decreases almost linearly upto pH 8 and 
attains a minimum around pH 9. However, after reaching a minimum an 
increase in the collector adsorption is observed with increasing alkalinity. It is of 
interest that the amount of collector adsorbed at highly acidic pH is significantly 
higher than that found for pyrite. The initial collector concentration in this group 
of experiments was 2.52* 10"^ mol/1. 
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Figure 5.10. The effect of pH on the adsorption density of Fl. 
5.3. Desorption 
It has been observed that the flotation of arsenopyrite with Fl is weaker than that 
of pyrite. Therefore the objective of this study was to find out if there was any 
difference in the adsorption mechanism which led to different flotation patterns. 
Experiments were hence designed so that it could be established whether or not 
Fl could desorb off the arsenopyrite surface once it had adsorbed. The 
conditions and experimental procedures adopted in these tests were identical to 
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those for pyrite (Section 4.3). The results are shown in Figure 5.11. Although 
some desorption may seem to have occurred, it is negligible compared to the 
amount of collector adsorbed. Furthermore, the F1 concentrations that were 
measured fell into the very low region where poor accuracy was experienced as 
in the case of pyrite. Nevertheless if 25 % of the adsorbed collector had 
desorbed the F1 concentration in the solution should have been 6.7 and 2.9 mg/1 
for alkaline and acidic solutions, respectively. 
2f 1.6 
Initial Final 
Figure 5.11. F1 desorption off the surface of arsenopyrite on diluting the 
solution after adsorption. 
5.4. Electrophoretic Mobility 
Electrophoretic mobility (E.M.) measurements on arsenopyrite were performed in 
three different groups of experiments. In this regard the mobilities of 
arsenopyrite particles were monitored against pH in the absence of collector, and 
against F1 concentration at pH 5 and 10. The experimental procedure that was 
applied was akin to the case of pyrite and the same precautions were taken. 
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5.4.1. Electrophoretic Mobility Against pH 
The electrophoretic mobility of arsenopyrite measured across the pH range from 
pH 4 to 11 is shown in Figure 5.12 where the isoelectric point (i.e.p.) was found 
to be around pH 5.4. In the literature there is insufficient information about the 
E.M. measurements of arsenopyrite. However, in a study [Wang and Forssberg, 
1989] the i.e.p. of this mineral was reported to be around pH 4. Differing 
experimental procedures and treatments might have played an important role in 
determining the position of the i.e.p. especially for a sulphide mineral. 
2.0 4.0 6.0 8.0 10.0 12.0 
pH 
Figure 5.12. The electrophoretic mobility of arsenopyrite against pH. 
5.4.2. The Effect of F1 Concentration on the Electrophoretic Mobility 
In the presence of F1 electrokinetic behaviour of arsenopyrite was measured at 
pH 5 and 10 and the concentration of the collector was changed between 0 and 
5.06*10"^ mol/1. As seen in Figure 5.13 the surface charge of arsenopyrite 
particles at pH 5 is close to the isoelectric point but positive, however, it is highly 
negative at pH 10. Figure 5.13 shows that at both pH 5 and 10 no significant 
alteration in the surface charge was detected. The small shift observed in the 
positive direction in both cases can not be attributed to a specific interaction. If 
specific adsorption of cations had occurred the surface charge would have been 
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made more positive. This does not rule out the possibility that neutral molecules 
were adsorbed. 
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Figure 5.13. The effect of increasing F1 concentration on the E.M. of 
arsenopyrite in acidic and alkaline solutions. 
CHAPTER VI 
SEPARATION TESTS 
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6.1. Introduction 
The flotation separation of arsenopyrite from pyrite was evaluated by three 
techniques, these include Hallimond tube, bench and column flotation tests. The 
selective flotation of pyrite using the Hallimond tube was initially tested under a 
basic set of conditions and the success of the separation was assessed. In the 
bench flotation experiments a synthetic ore sample was prepared so as to 
simulate an ore. Different conditions were tested in order to investigate the 
recovery and the differential sulphide floatability. In the third technique a 
column cell was employed so that the material was fed continuously presenting a 
more realistic comparison to industrial practice. Many parameters effect the 
performance of a column's operation. Investigations, were carried out in an 
attempt to optimise and control the system by changing the experimental 
conditions. 
6.2. Hallimond Tube Flotation 
In Hallimond tube flotation experiments F1 and KAX were used as collectors 
and the sample contained 50% pyrite and 50% arsenopyrite. The minerals were 
gently ground separately, and the size fraction -90+45 |im was screened out to be 
employed in the experiment. When F1 was used 1 g of each freshly prepared 
mineral was weighed, mixed and conditioned for 10 minutes. After conditioning, 
the sample was transferred into the cell, the collector solution was added and a 
further 5 minute was allowed for F1 conditioning. The particles were 
subsequently floated for two minutes and the products dewatered. The 
concentrate was cleaned with a second stage flotation which lasted two minutes. 
All of the products were dried and analysed for iron and arsenic. Flotation with 
F1 was performed at two different collector concentrations. 
In the case of amyl xanthate a similar procedure was adopted as above except 
only half the amount of sample mixture was used (1 g) and there was no 
preconditioning. Since only a small amount of sample was produced from the 
cleaning stage the rougher flotation involved two identical successive flotation 
steps. The concentrates obtained were mixed together and recleaned by a further 
flotation step. The collector dosage employed was 4.95*10-5 mol/1 amyl 
xanthate. All the results are presented in Figures 6.1, 6.2, 6.3 and 6.4. The 
experiments were run with distilled water and the pH was adjusted to around 11. 
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Figure 6.1. The arsenopyrite content of the flotation products. 
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Figure 6.2. The arsenopyrite recovery of the flotation products. 
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Although the conditions for KAX are not identical to that for F1 flotation, it is 
still possible to compare the experimental findings and make some scientific 
deductions. The arsenopyrite contents of the concentrates are seen to be 
comparable. However, for the middlings they differ markedly. KAX flotation 
produced a middling fraction with a low FeAsS grade yet using F1 resulted in 
higher grades of FeAsS in the middlings and its grade was found to be 
proportional to the collector concentration in the solution. The tailings produced 
using F1 are richer in arsenopyrite than for amyl xanthate but the concentration 
of F1 did not have an appreciable effect on the grade of the tailings. The 
influence of using two different collectors is also shown in Figure 6.2, where the 
recovery of arsenopyrite is approximately the same for each concentrate. In the 
case of middlings and tailings the difference is more prominent. As a result of an 
increase in the concentration of F1 the amount of arsenopyrite in the tailing 
drops, yet this situation is accompanied with an increase in the amount of 
arsenopyrite in the middling. 
As would be expected the situation for pyrite is almost reversed compared to that 
for arsenopyrite. The pyrite contents of the three concentrates as shown in 
Figure 6.3 are well over 90%. However, the middlings show a somewhat 
different trend. In KAX flotation the grade of pyrite in the middling is still as 
high as the concentrate and the amount of pyrite in the middling compares to that 
of concentrate. This could be due to slower kinetics of flotation with xanthates at 
that pH. 
The difference between the performance of KAX and F1 in terms of pyrite 
recovery is clearly seen in Figure 6.4 especially when the values for concentrate 
and the tailing are compared. However, since the arsenopyrite content of the 
middling for the flotation with KAX is as low as the concentrate, it can be 
regarded as a part of the concentrate. In this case the pyrite recovery goes up to 
almost 40%. On the other hand, a pyrite concentrate with a recovery of about 
70% was obtained when 1.01*10-5 mol/1 F1 was used which contained a similar 
amount of arsenopyrite as the concentrate for KAX. 
It should be bom in mind that the experiments with F1 were carried out using 
twice as much sample as compared to those tests carried out previously, yet the 
differential flotation with KAX was performed with 1 g of sample as before. 
Therefore, the duration of the flotation involved was decreased by half for the 
experiments run with F1. 
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Figure 6.3. The pyrite content of the flotation products. 
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Figure 6.4. The pyrite recovery of the flotation products. 
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6.3. Bench Flotation 
Bench flotation experiments were run with an artificial mixture of minerals 
containing approximately 90% quartz, 8% pyrite and 2% arsenopyrite. A 1400 g 
flotation pulp containing 20% solid was prepared for the rougher stage flotation 
tests. When a cleaning stage flotation step was applied the initial pulp weight for 
the rougher flotation was 4500g in which the ratios of the solid material was the 
same as above. The duration of flotation for the rougher stage was 5 minutes. 
However, when cleaning was carried out this was done over a 10 minute period. 
The pH was kept constant at around 11, and pine oil was employed as frother. 
Flotation tests were conducted under varying conditions in order to monitor how 
the recovery and sulphide selectivity was influenced. Although the experimental 
findings obtained do not compare with those for column flotation directly, it is 
still possible to make empirical deductions in terms of reagent conditions. In this 
group of experiments the effect of using distilled water as well as changing the 
collector concentration was investigated. The grade of arsenopyrite in all the 
flotation products was calculated disregarding the quartz in order to observe its 
content with respect to pyrite (will be referred in the Figures as "relative 
FeAsS"). 
In the following 3 Figures (6.5-6.7) the ratio of pyrite/arsenopyrite recovery is 
presented to illustrate the separation efficiency more clearly. When the value is 
1, it indicates that no selectivity occurs between pyrite and arsenopyrite. In 
Figure 6.5 the influence of increasing F1 concentration on the ratio of 
pyrite/arsenopyrite recovery for the concentrates is shown. The F1 selectivity is 
seen to improve with increasing collector concentrations upto 2.53*10"^ mol/l. 
Beyond this point a decrease is observed and at 5.06*10-5 mol/1 there is almost 
no selectivity. Since the best selective pyrite flotation was obtained with 
2.53*10-5 mol/l F1 concentration this reagent concentration was applied in the 
following experiments. 
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Figure 6.5. The effect of collector concentration on the sulphide selectivity. 
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Figure 6.6. The effect of using distilled water and grinding pyrite and 
arsenopyrite together on selectivity. A: tap water; B: distilled water; C: 
ground together. 
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It would not be feasible to use distilled water in industrial flotation plant 
applications. Therefore tap water was used during the bench flotation tests. 
However, from the scientific point of view some experiments were run with 
single distilled water as was the case for the Hallimond tube flotation tests. As is 
seen in Figure 6.6 the selectivity considerably dropped when the flotation was 
carried out with distilled water. The reason for this will be better understood 
when corresponding recovery values are presented. The effect of grinding 
minerals together is similar to employing distilled water and the selectivity is 
significantly lower than that observed on using tap water. 
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Figure 6.7. The effect of applying a cleaning flotation on the selectivity for 
two different samples. D and E represent samples prepared grinding 
separately and together respectively. 
Two sets of experiments with a cleaning stage were performed using 2.53*10-5 
mol/1 F1 concentration. The efficiency of the flotation in terms of selectivity is 
clearly seen to increase considerably (Figure 6.7) after a cleaning step. At the 
end of the cleaning flotation the floatability of pyrite was above 11 times higher 
than that of arsenopyrite. However, when the sample which was prepared by 
grinding pyrite and arsenopyrite together was used in the experiment, pyrite 
floated only twice as well as arsenopyrite. 
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As a result of increasing the concentration of the collector the recovery of pyrite 
naturally improved (see Figure 6.8). The maximum recovery was attained 
approximately at 2.53*10'^ mol/1 F1 concentration. During the same treatment 
the floatability of arsenopyrite was seen to respond much more slowly compared 
to pyrite. Therefore, up to a collector concentration of 2.53*10-5 mol/1 the 
selectivity of the flotation was reported to increase as has been seen previously in 
Figure 6.5. However, beyond that F1 concentration the floatability of 
arsenopyrite showed a remarkable progress. Although pyrite recovery continued 
to increase slightly, the sudden improvement in the flotation of arsenopyrite 
caused a serious drop in the selectivity. 
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Figure 6.8. The recovery of pyrite and arsenopyrite against F1 
concentration for the concentrate. 
In Figure 6.9 the pyrite grade of the concentrates is shown with respect to F1 
concentration. The concentrate is seen to get richer in terms of pyrite content 
upto a critical collector concentration. A further increase in the F1 concentration 
caused the situation to deteriorate owing to an enhancement in arsenopyrite 
flotation and the entrainment of silica consequently the good floatability of 
arsenopyrite at 5.06*10-5 mol/1 collector concentration induced a detrimental 
effect and increased the share of arsenopyrite in the concentrate. 
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Figure 6.9. The pyrite and arsenopyrite grades in the concentrate against 
F1 concentration. The values for arsenopyrite are calculated with respect to 
pyrite. 
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Figure 6.10. The effect of different treatments on the recovery. A: tap 
water; B: distilled water; C: grinding together; D: one stage cleaning; E: one 
stage cleaning after grinding together. 
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Figure 6.11. The effect of treatments on the grade of pyrite and 
arsenopyrite in the concentrate. The values for arsenopyrite are relative to 
pyrite. 
Using distilled water and grinding pyrite and arsenopyrite together did not 
significantly effect the recovery of pyrite as is shown in Figure 6.10, however, 
the flotation of arsenopyrite was promoted considerably. Applying a single stage 
of cleaning flotation in the case of tap water further reduced the recovery of 
arsenopyrite. Consequently a high grade of pyrite concentrate with a little 
arsenopyrite content was obtained. However, cleaning flotation failed to 
decrease the amount of arsenopyrite in the concentrate when pyrite and 
arsenopyrite were ground together so that the pyrite content remained notably 
lower (Figure 6.11). 
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6.4. Column Flotation 
6.4.1, Introduction 
The final stage of separation tests under laboratory conditions in this 
investigation used column flotation. It was aimed at establishing a 
semiquantitative link between the applications conducted in laboratory and 
industrial conditions, although the equipment design was such that it was not 
capable of working under pilot plant conditions. However, it was anticipated that 
such a study would provide an estimation as to the flotation behaviour in a much 
bigger scale. The advantage of using a column cell in a laboratory over 
conventional cells is that it can handle large amounts of material which is fed 
continuously and the control of operating parameters is possible giving the 
process operational flexibility. 
The efficiency of sulphide separation was investigated with the aim of 
optimisation through changing the conditions which were air, feed, wash water 
and bias rate, frother type and addition, collector concentration. The duration of 
the experiment were intended to take 35 minutes, however, because of slight 
fluctuations in rate of delivery by the peristaltic pump used for feeding the pulp, 
some diversion occurred from the ideal 35 minute scheme. In the majority of the 
tests carried out samples were collected at 10 minute intervals so that the effect 
of the time on the system behaviour could be monitored. The observations 
suggested that the system showed peculiarities at the beginning and end of the 
experiment. The analysis of the concentrates further supported this observation. 
Therefore, in the evaluation of the results the second and the third concentrates 
which covered the 20 minute time period were taken into consideration and the 
calculation of the grade and the recovery carried out accordingly. Between 10 
and 15% of the feed material remained in the column after each run. Since this 
accounted for a large amount of the feed, the recoveries were recalculated taking 
into consideration the concentrate and tailings only. The rate of the wash water 
was not restricted to a set value instead a positive bias was maintained where 
possible. The pH of the wash water was the same as that of the flotation pulp. 
Four different frothers were checked with water only in the system. Those were 
Dowfroth 200, amyl alcohol, Minerec 2100, and pine oil. Although Dowfroth 
200 and amyl alcohol produced good froth in the first 5 minutes, as the time went 
on the bubbles were observed to get bigger and the froth efficiency dropped. The 
same situation was experienced with Minerec 2100 to a lesser degree. 
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Consequently throughout the column flotation Minerec 2100 and pine oil was 
used. 
6.4.2. Experimental Results 
Prior to the separation tests conducted with the column cell some initial 
experiments were carried out using a sample which consisted of pyrite and silica 
powder. At two different gas and feed rates the change in the recovery and the 
grade of the concentrate were monitored at 5.06* 10'^ mol/1 F1 concentration 
(Figure 6.12). As expected the recovery of pyrite improved when the gas rate 
was increased from 1.5 to 2.5 cm/s (A and B). While an increased gas rate may 
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Figure 6.12. The change in the recovery and grade of pyrite with the gas 
and feed rate. A: Gas rate 1.5, feed rate 0.3; B: Gas rate 2.5, feed rate 0.3; 
C: Gas rate 2.5, feed rate 0.2 cm/s. 
seem a good solution to obtain better recoveries, operational limitations of a 
column cell put a restriction on employing excessive amount of gas. When the 
feed rate was dropped from 0.3 to 0.2 cm/s (B and C) the recovery further 
increased. However, due to the difficulty experienced in maintaining such a 
small constant flow rate with the peristaltic pump that was used and the 
possibility of leaving the relatively coarse particles selectively in the 
conditioning tank, the feed rate was deliberately chosen 0.3 cm/s. The pyrite 
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grade of the concentrate is seen to increase at a lower gas rate. On the other hand 
the negative effect of using a higher gas rate was compensated by dropping the 
feed rate. 
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Figure 6.13. The flotation response of quartz with 5.06*10-5 moI/1 F1 using; 
A: 7.5 mg/1 and B: 5 mg/1 Minerec as frother. 
The floatability of quartz powder using 5.06*lO'^ mol/1 F1 concentration is 
presented in Figure 6.13. It is seen that the quantity of material reported to the 
concentrate strongly depends on the frother addition. A large amount of the 
particles were probably recovered due to entrainment rather than to flotation 
induced by a true hydrophobicity. In later experiments it was observed that when 
separation tests were run, much less quartz reported to the concentrate. 
Preferential flotation of pyrite, changes in the froth characteristics and 
introduction of wash water may well play an important role in preventing the 
entrainment of quartz. 
As mentioned above when the results were evaluated only concentrate 2 and 3 
were taken into account. It is seen in Figure 6.14 that neither recovery nor grade 
values level off. While the share of pyrite in the concentrate continuously 
increased the level of arsenopyrite on contrast dropped. On the other hand a 
similar trend was observed in terms of recovery values. The 35 minute 
experiment duration for a continuous column operation is a comparably short 
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period and the system may have not reached an equilibrium. However, at least 
the data in the Figure 6.14 suggest that the flotation would have progressed in the 
positive direction if enough time had been available. Note that all the data points 
are qualitative values. 
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Figure 6.14. A typical progress of flotation in the column cell. The grade 
and recovery distribution is presented with respect to the concentrates 
collected at time intervals. 
Except for some experiments it the beginning of the study wash water was 
employed in all tests. The major effect of the wash water was seen to increase 
the froth stability thus yielding better flotation recoveries. In the absence of 
wash water, the flow of the froth gradually decreased and eventually stopped. 
Although the efficiency of the flotation was observed to improve in terms of 
recovery, the pyrite grade of the concentrate and arsenopyrite depression did not 
improve. The failure to maintain a positive bias probably caused such an 
anomaly. The results of using wash water are presented in Figure 6.15. 
The example given in Figure 6.16 shows how the pyrite and arsenopyrite grade 
of the concentrate as well as the recovery responded to bias water being positive 
or negative. As seen the pyrite content of the concentrate was greatly effected by 
the sign of the bias. A concentrate which is much richer in pyrite was obtained 
when the wash water penetrated through the froth layer while more gangue 
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particles were entrapped in the case of negative bias decreasing the quality of the 
concentrate with high amounts of silica and arsenopyrite. The good recovery 
values seen for the case of negative bias especially for test "A", however, are 
deceptive since some of the material did not truly float. The feed water which 
penetrated into the froth layer eventually reported to the concentrate, taking with 
it some suspended particles which contributed to the recovery increase but 
eventually poor selectivity resulted. 
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Figure 6.15. The effect of using wash water on the recovery and grade of 
pyrite and arsenopyrite. No wash water was used in the case of A. 
Although the effect of copper addition to the flotation pulp on recovery was not 
investigated, the results presented in Figure 6.17 show how the flotation 
characteristics changed when arsenopyrite contained some copper. In the case of 
"A" the arsenopyrite used contained 5.6% copper and the recovery was 90%, 
while the floatability for the copper free sample (B) was less than 8%. It is 
interesting to note that in none of these experiments was high pyrite recoveries 
observed. The reason might lie in the fact that the collector is sensitive to copper 
containing minerals as stated by the manufacturer. As a result of the increased 
flotation response the selectivity was reversed in favour of arsenopyrite. Due to 
the enhanced floatability of arsenopyrite its grade increased almost 8 times in the 
concentrate and consequently the level of pyrite dropped. 
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Figure 6.16. The effect of negative and positive bias on the grade and 
recovery of pyrite and arsenopyrite. The bias water is negative in the case 
of A and C, positive in the case of B and D. 
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Figure 6.17. The effect of using arsenopyrite with a high copper content on 
the flotation. The arsenopyrite in case "A" contains 5.6 % copper. 
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The effect of increasing F1 concentration is shown in Figure 6.18. When no 
collector was used only 2% of the sulphide floated and the amount of quartz that 
reported to the concentrate did not exceed 1%. The low level of interference by 
the silica indicated that the wash water functioned quite successfully. When the 
amount of F1 was doubled the recovery of pyrite and arsenopyrite increased 
substantially. The pyrite grade obviously responded to the improvement in the 
recovery and the concentrate became enriched in pyrite and the relative 
arsenopyrite grade remained constant. 
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Figure 6.18. The change in the recovery and grade with respect to F1 
concentration. "A, B, and C" represent the tests run at 5.06*10"^, 2.53*10-5 
and 0.00 moI/1 F1 concentration respectively. 
From the Hallimond tube flotation tests (Chapter 4 and 5) arsenopyrite was found 
to float slightly better at pH 10 than other values while the flotation of pyrite was 
considerably less at pH 10 compared to 11. When taking these factors into 
consideration there is no advantage of operating the system at pH 10. However, 
running a system at a lower pH contributes to decreasing the cost of flotation. 
Undoubtedly conditions for the operation of a column cell and Hallimond tube 
are divergent. This variance may effect the performance of the flotation to some 
extent. In Figure 6.19 the results of the two column flotation tests which were 
achieved at pH 11 and 10 are shown. It can be seen that there is very little 
difference in flotation performance at the two pH values. This is at variance with 
that obtained when the Hallimond tube was used. However, from a qualitative 
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viewpoint there is some similarity. At pH 10 while arsenopyrite floated slightly 
better, the recovery of pyrite dropped almost 4 units and the recovery ratio i.e. 
selectivity, dropped by 17% as is shown in Figure 6.20. 
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Figure 6.19. The effect of pH on the recovery of pyrite and arsenopyrite. A 
and B represent flotation at pH 11 and 10 respectively. 
Figure 6.20. The recovery ratio of pyrite and arsenopyrite under the 
conditions as in Figure 6.19. 
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Figure 6.21. The effect of blending F1 and KAX on the recovery. "A" and 
"B" represent the pH values 11 and 10 respectively. 
When Hallimond tube tests were run on individual minerals using amyl xanthate 
it was seen that the floatability of pyrite increased with pH after going through a 
minimum (Section 4.1.1). On the other hand arsenopyrite did not show such a 
behaviour and furthermore this observation was exclusive to amyl xanthate rather 
than ethyl xanthate. Preliminary experiments by the investigator with a 
Hallimond tube suggested that a blend of xanthates and F1 seemed to have only a 
slight effect on the recovery of both minerals. Therefore, the same type of tests 
were run with the column cell at two different pH values. In Figure 6.21 the 
recoveries of pyrite and arsenopyrite at pH 11 and 10 are presented. The 
difference in the floatability of both minerals is quite noticeable. However, both 
minerals were effected in a similar manner and while the recovery of pyrite 
increased the recovery of arsenopyrite was marginally higher. When the 
recovery ratios shown in Figure 6.22 are examined the decrease in the selectivity 
at pH 10 is evident. The recovery values obtained using a blend of 5.06*10"^ 
mol/1 F1 and 4.95*10"5 mol/1 amyl xanthate at pH 11 is lower than that observed 
when using F1 alone (see Figure 6.19). Probably the difference was due to the 
fact that column flotation showed greater fluctuation than Hallimond tube. 
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Figure 6.22. The change in the recovery ratio of pyrite/arsenopyrite at pH 
11 and 10 in the presence of KAX. 
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7.1. Discussion 
7.1.1. Introduction 
This investigation has assesed the potential of some new collectors for flotation 
separation of pyrite from arsenopyrite. In this regard experiments were initially 
carried out with individual minerals using a Hallimond tube. The basic flotation 
conditions were determined by a trial and error method for pH and collector 
concentration. During the flotation of individual minerals Fl , S7, F2B as well as 
ethyl and amyl xanthates were employed as collectors. According to the results 
of this group of initial tests, separation experiments were performed using 
Hallimond tube, bench and column flotation cells. A mixture of pyrite, 
arsenopyrite and quartz was used when bench and column flotation tests were 
undertaken in order to attempt to resemble plant conditions in terms of ore 
structure. The experimental conditions were assessed for the optimum grade, 
recovery and selectivity results. In addition to the flotation investigation, two 
other groups of studies included adsorption characteristics of Fl onto pyrite and 
arsenopyrite, and electrokinetic behaviour of these minerals. 
The adsorption characteristics of Fl onto pyrite and arsenopyrite were studied 
under various conditions in order to establish the influence of collector uptake by 
the mineral on the flotation behaviour. Therefore the effect of time, Fl 
concentration, pH and also desorption properties of Fl was investigated. S7 and 
F2B were not included in this group of investigations since they yielded poor 
selectivity over pyrite and arsenopyrite and exhibited very low solubility in 
water. An attempt was made using the FTIR technique to find the collector 
attachment mechanism on pyrite and arsenopyrite and the compound formed on 
these surfaces. 
The electrophoretic mobility of pyrite, arsenopyrite and quartz was measured and 
the effect of pH, Fl and dodecylamine on the electrokinetic behaviour of these 
minerals was observed and established. This investigation was carried out in 
order to discern if there was any influence of surface charge on the collector 
adsorption and thus floatability. 
Apart from the three groups of major investigation mentioned above some 
properties of the collector Fl were studied. Those include the surface tension of 
Fl solutions and the determination of the pK of Fl . The results of the 
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experiments regarding the surface tension were presented in Chapter 3. The 
calculation of the pK value of F1 was shown in Appendix 2 at the end of the 
thesis. In this chapter the discussion and the conclusion of the experimental 
results will be presented and future work needed will be proposed. -
7.1.2. Pyrite 
All five collectors studied showed good flotation under various conditions. The 
recovery of pyrite exceeded 90% with ethyl and amyl xanthates in acidic media 
while the floatability considerably decreased as the pH increased. However, 
amyl xanthate caused a second maximum around pH 10. All these findings are in 
good agreement with other investigators' results [Fuerstenau, 1980; Elligani and 
Fuerstenau, 1968]. On the other hand the collecting power of amyl xanthate was 
higher than that of ethyl xanthate owing to the longer hydrocarbon chain attached 
to the former collector [Ackerman et al., 1987c]. The performance of S7 on the 
recovery of pyrite was similar to that of F2B. Like xanthates the best flotation 
was observed below pH 4. Although the depression of pyrite occurred in alkaline 
media it was seen that in the case of S7 the flotation recovery showed 
inconsistency. Since the collecting mechanism of S7 was claimed to be 
dependant on the redox potential of the pulp the inconsistency observed might 
have arisen from the slight fluctuations in the redox potential of the solutions 
which was not controlled. 
Pyrite showed almost no floatability with F1 up to pH 9.5. The best flotation 
was observed around pH 11 and unlike S7 and F2B the flotation was strongly pH 
dependant. Even increasing the collector concentration more than 5 times did not 
cause any improvement in the recovery below pH 9.3. On the other hand pyrite 
was found to be sensitive to preconditioning and less F1 was needed for a given 
recovery value. Using Ca(0H)2 as a pH regulator caused a considerable drop in 
the flotation response. For example while the recovery of pyrite was 90% with 
0.5*10-5 mol/1 F1 and in the presence of NaOH, it was no more than 60% with 4 
times higher collector concentration and in the presence of Ca(0H)2. The 
detrimental effect of using Ca(0H)2 on the floatability might have been induced 
by the adsorption of calcium ions or its hydrolysis product (CaOH+) on the 
mineral surface preventing the interaction of the collector ions [Fuerstenau et al., 
1968; Heerema and Iwasaki, 1980; Gaudin and Charles, 1953; Atesok et al., 
1988]. Calcium adsorption on mineral surfaces is facilitated by the opposite 
surface charge and thus an increase in the adsorption is expected as the pH 
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increases. Furthermore the surface charge becomes less negative with elevating 
pH or calcium concentration of the solution [Heerema and Iwasaki, 1980; Atesok 
et al., 1988]. Gaudin and Charles [1953] observed the adsorption of calcium and 
sodium on the surface of pyrite. Sodium was found to adsorb in a similar manner 
to calcium with respect to pH of the solution, however, the adsorption density of 
calcium was almost twenty times higher than that of sodium. These studies 
suggested that the decrease in the flotation recovery of pyrite was possibly due to 
the competitive adsorption of calcium which becomes effective at alkaline pH. In 
industrial applications where lime is used this disadvantageous effect may result 
in serious consequences, decreasing the recovery substantially. On the other 
hand F1 did not show any collecting power on quartz across the pH range 2 to 12 
at the collector concentration with which pyrite recovery was more than 90%. 
Since ores often contain a large amount of quartz in their structures the 
importance of this finding is clear. 
Although high recoveries were obtained with all collectors studied, test results 
conducted on arsenopyrite indicated that the best selectivity could be obtained 
using PL Therefore emphasis was given to F1 and the interaction of this 
collector with the surface was investigated. 
Figure 4.6 shows that the flotation of pyrite was very poor below pH 9.2-9.3 and 
even increasing the collector concentration did not help a lot. However, above 
that pH a sharp improvement was observed in the recovery. There may be many 
reasons causing such a behaviour in the pH-recovery pattern. These include the 
oxidation of the surface and thus a change in the surface characteristics; the 
abundance of molecular or ionic collector species and the surface charge. 
Adsorption studies suggest that the adsorption of F1 onto pyrite occurs under a 
wide range of conditions. The adsorption density of F1 on the surface varies 
depending on the solution pH (Figure 4.14). Accordingly the adsorption of F1 
roughly increases with increasing pH. However, during this trend a minimum is 
observed around pH 6.5. Beyond pH 9.5 the adsorption levels off. The increase 
in the pH is accompanied by some changes in the system. First of all the positive 
surface charge of the particles continuously decreases, passing through a zero 
value at about pH 6.3 (Figure 4.16). Secondly the proportion of the molecular 
collector species increases compared to the cationic species. In Appendix II the 
calculated amounts of ionic and molecular species are seen. It is not until pH 9 
that substantial amount of amine molecules exists. The increase in the relative 
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concentration of amine molecules is reflected as a decrease in the surface tension 
of the F1 solutions as the pH increases (Figure 3.6) and it is more or less similar 
to that of dodecylamine whose pK is 10.62 [Kellogg and Vasquez-Rosas, 1946]. 
However, when the response of the surface tension to the concentration of the 
collector at alkaline pH is examined it is seen that the two chemicals behave in 
quite a different way. An increase in the concentration of dodecylamine beyond 
5.4*10-6 mol/1 drastically decreases the surface tension and it levels off above 
5.4*10-5 mol/1 which corresponds to the formation of micelles. On the other 
hand there is almost no change in the surface tension of F1 solutions upto 
5.06*10-4 mol/1 and notice that this concentration is about 100 times higher than 
that of dodecylamine. Beyond this concentration the surface tension decreases in 
a similar manner to that of dodecylamine but without any sign of levelling off 
indicating that formation of micelles does not take place in the concentration 
range studied. The difference in the ability of the two chemicals to affect the 
surface tension may be explained in terms of their hydrophobic chain length. 
While the number of the carbon atoms is 12 in dodecylamine, it is 6 in Fl . 
Therefore the affinity of a dodecylamine molecule for air in the interface is 
higher than that of F l . It was reported that every additional CH2 group added to 
the hydrocarbon chain lowers the surfactant concentration by a factor of 3 for the 
same amount of surface tension decrease [Shaw, 1986] so that the surface tension 
starts to drop at lower concentrations [Defay, et al., 1966]. A similar deduction 
can be made for the observed levelling off of the surface tension i.e. micelle 
formation. The following equation is given to express the effect of hydrocarbon 
chain length for a homologous compound [Hunter, 1989a]. 
logioc.m.c.=bo-bimc 7.1 
where c.m.c. is critical micelle concentration, bg and b^ are constants and is 
the number of the carbon atoms in the hydrocarbon chain. From the 
thermodynamic point of view the free energy of removing a monomer from 
aqueous solution into a micelle structure can be stated as follows [Hunter, 
1989ah 
AG = AGcHg '^^hpl 7.2 
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where is the contribution from the terminal CH3 group, m is the number 
of carbon atoms in the hydrocarbon chain, is the contribution from the 
CH2 group and AG^pi is the contribution from the hydrophilic head group. The 
first two terms on the right hand side of the equation favour micelle formation 
(hydrophobic effect) while the last term opposes [Tanford, 1980] obviously at 
varying degrees depending on whether the head group is charged or not [Hunter, 
1989ah 
A G c h ^ and AG^H^ are around -8.79 and -3.22 kJ/mol per group respectively 
[Tanford, 1980]. For a surfactant containing 12 carbon atoms in its hydrocarbon 
chain, e.g. dodecylamine, the total of these terms is -44.21 kJ. On the other hand 
this total value will increase to -24.89 kJ for a compound with 6 carbon atoms in 
its alkyl chain, e.g. F l , meaning that micelle formation will become less 
favourable. Of course the ultimate difference in the AG values will be somewhat 
higher when the contribution from AG^pi is taken into account. It should also be 
remembered that Fl contains a substituted sulphur atom in its alkyl chain which 
may cause an increase in the c.m.c. [Hunter, 1989a]. 
An adsorption mechanism dependant on the surface charge should be ruled out 
since no correlation was observed between the surface charge and the flotation 
behaviour. For instance, though electrophoretic mobility measurements indicate 
a negative surface charge above pH 6.3, there is no change in the flotation 
behaviour of pyrite corresponding to this development. Even at pH 9 the surface 
is as highly negatively charged as at pH 11, yet the flotation is just about to start. 
On the other hand F l affects the electrophoretic mobility of pyrite to some extent 
regardless of the surface charge up to pH 9 (Figures 4.16 and 4.17) so that the 
surface charge becomes more positive. This finding suggests that below pH 9 the 
adsorption of cationic species takes place. It is interesting to observe that above 
pH 9 the surface charge becomes slightly more negative. This behaviour can not 
surely be a consequence of cation adsorption, however, it is a strong evidence of 
prevailing adsorption of molecular species. When the electrophoretic mobility of 
quartz against dodecylamine concentration was examined (Figure 4.19) it is seen 
that the surface charge is rendered more positive at both pH 5 and 10. 
Furthermore the reversal of the charge occurs at pH 10 unlike the case for the 
pyrite-Fl system. Since quartz flotation is known to be effected at pH 10 it can 
be proposed that coadsorption of ionic and molecular species are responsible for 
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the hydrophobicity [Smith, 1964]. However, in the case of pyrite such a 
deduction is unlikely to account for the interaction of F1 since electrophoretic 
mobility of pyrite is not affected and besides such a coadsorption should have 
occurred around the pK value where both species are in equal amounts. On the 
other hand measurements showed that F1 is not capable of changing the surface 
charge of quartz neither at pH 5 nor at 10 (Figure 4.20). Therefore the slight 
change in the electrophoretic mobility of pyrite at acidic pH caused by the action 
of F1 can be attributed to the specific adsorption of this collector. However, 
dodecylamine did change the surface charge of pyrite drastically at pH 10 and it 
became considerably less negative suggesting that a specific adsorption is in 
question. Gaudin and Fuerstenau [1955] suggested that at low concentrations the 
aminium ions adsorbed on the surface of quartz individually. As the adsorption 
density increased, the concentration of the ions on the surface exceeded the 
critical micelle concentration at some point and they started to aggregate through 
their hydrophobic ends forming so-called hemimicelles. Therefore the negative 
surface potential of quartz became less negative and in extreme cases it was 
reversed. If this consideration is correct it explains why the electrophoretic 
mobility of quartz and pyrite was altered. It may also explain the reason why F1 
did not have such a drastic effect for pyrite and quartz. As has been discussed 
above, F1 does not show any micelle formation even at extremely high 
concentrations so no hemimicelles form on the surface and the electrophoretic 
mobility is not effected. On the other hand the small alteration of the 
electrophoretic mobility of pyrite in the presence of F1 may be attributed to the 
specific adsorption of this collector. 
The flotation of pyrite with F1 does not resemble the adsorption pattern (Figure 
4.6). Regardless of the amount of F1 adsorbed, no flotation occurs until the 
slurry pH has reached about pH 9.3. The divergency between the flotation and 
the adsorption pattern suggests that the prevailing adsorption mechanism is 
different below and above approximately pH 9.3. In Appendix 11 the calculations 
give a pK value around 9.2 for F1 according to equation 7.3 shown below. 
C6H13SCH2CH2NHJ < >C6HI3SCH2CH2NH2 + H+ 7.3 
This means that while ionic species (left of the equation) are in abundance below 
pH 9.2, and the formation of molecular species is favoured above this pH. The 
problem faced is that in the absence of flotation, adsorption of the collector still 
Chapter 7 137 
occurs as demonstrated by the adsorption isotherms. There may be a number of 
reasons leading to this behaviour. The adsorption of F1 against time at pH 4.7 
and 11 shows that the abstraction of F1 continues over a long period of time but 
almost no adsorption is observed beyond 20 hours in acidic conditions. Figures 
4.10 and 4.11 suggest that almost the same amount of collector is abstracted from 
the solution in the first 20 hours time slice. However, it was thought that the 
comparison of the amounts abstracted in the first hour would be more 
constructive since the surface was fresh and adsorption sites were not fully 
occupied. Therefore the kinetics of the adsorption were calculated for the first 
hour. In Appendix I the calculation of the adsorption rates is presented. The 
results show that the rate of adsorption was 3.7*10-6 and 7.3*10-6 mol/m^hr at 
pH 4.7 and 11 respectively. It is seen that the rate of the adsorption in alkaline 
solutions is twice as much as the rate for the acidic solutions. Although this fact 
may be proposed as a reason for the lack of flotation in acidic pH the complete 
failure of flotation suggests that this is not the case. Even at pH 9 where the 
adsorption density was the same as in pH 11 flotation was not fully achieved. 
Therefore any relationship between the amount of adsorption and the floatability 
is tenuous. 
The other consideration related to the lack of flotation even when adsorption 
occurs is that the character of the adsorption is different, which then influences 
the degree of hydrophobicity. In Figure 7.1 the adsorption isotherms were re 
drawn with both axis to a linear normal scale. Both isotherms show 
characteristic Langmuir shape, where surface coverage is limited to a monolayer 
and no specific interaction between the adsorbed molecules is allowed, in fact 
they resemble class H2 according to Giles et al.'s [1960] classification. They 
stated that at low concentrations almost all of the surfactant is adsorbed due to 
the high affinity of the surfactant for the surface, and for this reason the start of 
the isotherm is very steep. It is noticeable that this initial affinity is much 
stronger in basic pH. 
The pyrite sample used in the adsorption tests has a surface area of 
approximately 0.588 m^/g and according to Figure 7.1 approximately 2.25*10-5 
mol/m^ is monolayer of F1 at pH 11. On the other hand the diameter of an alkyl 
chain is given as 4.25 A [Arsentiev and Leja, 1977] hence the cross sectional area 
may be estimated as 14.186 A2. If the molecules are assumed to adsorb 
vertically with their hydrophobic chain upwards this calculation suggests that 
1.17*10-5 mol/m2 adsorption density corresponds to a monolayer surface 
Chapter 7 138 
coverage at alkaline pH. This value is about half that seen in Figure 7.1 at the 
point v^here the curve levels off. 
0.0 15.0 30.0 
Final Cone., mol/l*10^ 
* Acidic pH 
Alkaline pH 
45.0 
Figure 7.1. Adsorption isotherms of Fl-pyrite system. 
This calculation was based on the assumption that the cross sectional area of the 
molecule is circular. However, hydrocarbon chains have a zigzag pattern such 
that the projection of the cross section has the rectangular shape and approximate 
dimensions as shown in Figure 7.2. The cross sectional area of the H-C chain in 
this case is calculated to be 5.75 which compares to 14.186 A2 for a circular 
shape. According to the rectangular area assumption ideally 2.89*10-5 mol F1 
can be accommodated on a 1 m^ surface in a closely packed configuration. It is 
not likely that on adsorption the surfactant molecules would orient themselves in 
such a regular way so that no gap will be left between them. Therefore the 
amount of adsorption measured at pH 11 is very close to a monolayer coverage. 
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Figure 7.2 The projection of cross section of the H-C chain (The values were 
taken from: Vollhardt, 1987 and Alcock, 1990). 
The adsorption of a second layer of molecules on top of the first one by 
hydrophobic forces is rejected for two reasons. First the surface tension 
measurements revealed that there is no critical micelle concentration of F1 or it is 
very high if there is one. Therefore the chances of forming bilayer adsorption is 
very low requiring extremely high concentrations. Secondly desorption tests 
showed that there was virtually no desorption of F1 on dilution of the solution. 
Since desorption usually occurs when physical adsorption has taken place and 
hydrophobic interaction is a kind of physisorption, this finding suggests that the 
collector anchors on the surface quite strongly. So that the possibility of a 
chemisorption between the adsorbate and adsorbent is rather high. 
On the other hand under alkaline conditions the adsorption of F1 continues until 
the collector is absent in the solution and appears to exceed monolayer coverage. 
Different concepts can be proposed regarding this behaviour. One may suggest 
the possibility of destruction of the collector in solution. The analyses showed 
that F1 is stable in the solutions of pH range studied. However it was not 
possible to check if any decomposition takes place in the presence of pyrite. It is 
unlikely that the structure of F1 will be altered by the presence of minerals since, 
for example, beyond 2 hours the concentration of F1 did not decrease in 
adsorption solutions of arsenopyrite (see Chapter 5) and analyses of some 
solutions after adsorption tests did not show any drop in the collector 
concentration with standing. Another suggestion may be that cleavage of the 
surface species continuously created new adsorption sites. EDTA and similar 
chelating agents can dissolve metal ions from the surface of hematite and 
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magnetite [Chang and Matijevic, 1983; Blesa et al., 1984; Chang et al., 1983]. 
Wang and Forssberg [1989] suggested that EDTA dissolved metal ions from the 
surfaces of sulphide minerals such as pyrite, arsenopyrite and galena especially at 
alkaline pH. Consequently a hydrophobic sulphur rich surface was exposed and 
a good flotation response was obtained. If the hypothesis of cleavage is true an 
Fl-iron complex must have been precipitated since no iron was detected in the 
alkaline supernatant solution though some was measured in the acidic solution. 
On the other hand F1 may have also adsorbed on the colloidal iron hydroxide 
which was formed preceding the dissolution of iron. As a result of prolonged 
oxidation the oxidised species could also have flaked off together with the 
collector on it. 
The structural formula of F1 differs depending on the pH of the solution. In 
excess hydrogen ions (below pH~9.2) the ionic species is favoured but in an 
abundance of hydroxyl ions (above pH~9.2) the -NHg group loses its proton so 
that - N H 2 group is obtained with a lone pair of electrons. There are two 
functional groups in the structure of F1 which can form complexes with the metal 
ions: these are - S - and -NH2. 
In its ground state the electronic configuration of sulphur is 
[Ne]3s23px^3pyl3p2;l. As a result of making single bonds with two carbon atoms 
two electrons are donated and in the outer shell of sulphur two pairs of unshared 
electrons are left. This configuration of sulphur is not affected by the pH of the 
solution. On the other hand nitrogen has the closed shell, helium configuration 
and contains five electrons in its outer shell. In the case of -NHg three electrons 
are spent for the bonds with a carbon and two hydrogen atoms. The remaining 
one pair of electrons is donated to the proton so that all the electrons are 
occupied. However, the additional proton is removable when the pH is increased 
thus one pair of lone electrons are released to be used in a complex formation 
(equation 7.4). Therefore the -NHg group will not form a complex with a 
metal. On the other hand since the electronic configuration of the sulphur in the 
collector's structure does not change, it is probably capable of making compounds 
with the surface species regardless of the pH. 
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The - N H 2 ligand can complex with many metal ions donating its lone pair of 
electrons through a a bond formation [Nicholls, 1992; Bell 1977; Cotton and 
Wilkinson, 1988]. Iron does not form many stable complexes with amines. 
While addition of ammonia only precipitates ferric iron as the hydrous oxide and 
[Fe(NH3)6]2+ is stable in the presence of excess amount of ammonia. However, 
compounds of EDTA, ethylenediamine, bipyridine and phenanthroline with iron 
are known stable complexes in the aqueous solution [Cotton and Wilkinson, 
1988; Perrin, 1964; Bell, 1977]. The oxidation state of iron higher than three is 
not very common though it can go upto six. Both ferrous and ferric iron can have 
a co-ordination number up to eight. 
Sulphur complexes with metals donating electrons to the a bonds which formed. 
However, its complexing ability is not limited with a bonding only. Since 
sulphur has easily accessible empty d orbitals it can accept electrons from the 
partially filled d orbitals of metals. Therefore sulphur is regarded as a a donor-Tt 
acceptor ligand. The n bonding formed by such an arrangement is also called 
back-bonding which is important for additional stabilisation of the complex. The 
strength of back-bonding is higher when the metals are in their lower valent state 
due to the ease of removal of electrons. However, metals like mercury, tin and 
lead are exceptional since in their lower valent state the s electrons screen the 
interaction of electrons in the d orbitals with the vacant d orbitals in the ligand 
[Perrin, 1964; Somasundaran and Nagaraj, 1984]. On the other hand sulphur is 
capable of forming complexes with its own species (catenation). 
If F1 is using both of its ligand atoms to adsorb on the surface of pyrite it may be 
regarded as a chelating agent. The -NH2 group is most probably interacting 
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with the iron on the surface. Although many compounds are known to occur 
between sulphur and nitrogen in the form of S^Ny, compounds such as sulfamic 
acid (H3N+SO3") and sulfamate anion (H2NSO3") are not common [Cotton and 
Wilkinson, 1988]. On the other hand since S^' has filled n orbitals and nitrogen 
in amine has a orbitals, the overlap of these two molecular orbitals seems 
unlikely due to the lacking of possible linear arrangement [Luther, 1987]. 
Therefore the formation a bond between the nitrogen ligand atom and the surface 
sulphur seems unfavourable. On the other hand - S - group in the ligand may 
form bonds with iron as well as the sulphur on the surface of pyrite. It is not 
necessary for both functional groups to complex to the same atom on the surface. 
The oxidation state of iron may be important for the interaction of -NH2 
because it would be easier to donate electrons to the d orbitals of higher 
oxidation state of iron. However, for - S - the strength of the bond will be 
increased towards ferrous iron compared to the ferric state due to the back-
bonding. More important is the position of the atoms on the surface such that 
they are easily accessed. Figure 7.3 shows a suggested mechanism for the 
interaction of molecular F1 with the surface of pyrite. The elements on the 
surface are not specified. 
H H H H 
C g H i g - S 
, c — c : 
n : 
H 
Figure 7.3. Suggested mechanism for the chelation of neutral F1 molecules 
on the surface of pyrite. 
According to this mechanism the monolayer coverage is attained at much lower 
collector concentrations than stated previously owing to the increased area 
occupied on the surface per molecule adsorbed. It has been established that one 
of the oxidation products of pyrite is ferric iron which precipitates on the surface 
consequently [Ahlberg, et al , 1990; Peters and Majima, 1968; Hamilton and 
Woods, 1981; Buckley et al., 1988; Biegler and Swift, 1978]. If the bonding of 
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- S - with the ferric iron is weak compared to the nitrogen ligand, it might be 
replaced by the - N H 2 functional group at increasing collector adsorption so that 
the molecule will be vertically connected to the surface through a single bond. 
In acidic solutions, on the other hand, aminium ions will dominate and the 
hydrophilic head of the collector will be positively charged. Therefore the 
collector is unable to complex using its -NHg ligand but - S - group will still 
remain to interact with surface. The adsorption results found in acidic pH 
support this consideration and the electrophoretic mobility of pyrite in the 
presence of F1 which becomes more positive suggests that the cation is on the 
surface. Consequently in acidic pH F1 is adsorbed on the surface of pyrite as 
shown in Figure 7.4. 
H H 
\/ 
S' 
-H 
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M P y r i t e W 
H 
Figure 7.4. Suggested mechanism for the adsorption of ionic F1 on the 
surface of pyrite. 
However the adsorption of F1 takes place in a region where no flotation occurs. 
The reason for such a behaviour can be explained in terms of interactions of the 
collector species with themselves and with solution phase. First of all the 
adsorption of the collector will be impaired by the repulsion of the positively 
charged head groups especially at low concentrations. Secondly the -NHg 
group exhibits highly hydrophilic behaviour offsetting the hydrophobic chaiacter 
of the surface contributed by the hydrocarbon chain. As a result of these effects 
hydrophobicity is not induced and the particles do not stick to the bubbles. The 
effect of F1 concentration on the amount of sulphur dissolved (Figure 4.13) 
supports above considerations. Due to the high adsorption density at pH 11 the 
concentration of sulphate in the solution is greatly lowered. At pH 4.7, however. 
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the influence of the collector concentration on the dissolution of sulphur is 
relatively weak because of the retarded adsorption of F1. 
Dissolution test performed at natural pH with pyrite having a size fraction -95+45 
|im showed that after 4 hours of shaking the iron and sulphate measured in the 
solution was 2.04 10"^ and L19*10'4 mol/1 respectively. These figures show that 
the dissolution of sulphur was almost 6 times higher than that of iron (note that if 
completely dissolved pyrite gives rise to iron and sulphur in the ratio 1:2). 
Therefore when conditioning is applied before flotation an iron rich surface is 
obtained so that the interaction of F1 with the surface is facilitated. For this 
reason an improvement in the flotation was observed following a 10 minutes 
preconditioning. 
7.1.3. Arsenopyrite 
The Hallimond tube flotation tests carried out with NaEX, KAX, S7 and F2B 
showed that the response of arsenopyrite to flotation was quite similar to that of 
pyrite. With all four collectors maximum recoveries were achieved at acidic pH 
range and the flotation decreased steadily almost upto pH 10. In all cases more 
than 90% of arsenopyrite floated at its respective optimum pH. With Fl , 
however, a completely different pattern of behaviour was observed. The best 
recovery was less than 20% (at pH 10) and flotation was found to be sensitive to 
preconditioning. When no preconditioning was applied the floatability of 
arsenopyrite was seen to increase linearly and at 4.05*10'^ mol/1 collector 
concentration the recovery reached 51%. On the other hand in the case of 
preconditioning 46% of arsenopyrite was recovered at only 1.01*10-5 mol/1 Fl 
concentration. According to the dissolution tests conducted under the same 
conditions as for pyrite the concentration of the dissolved species in the solution 
was 3.80*10-5 mol/1 iron, 1.13*10-^ mol/1 arsenic and 1.16*10-4 mol/1 sulphate. 
It is noticeable that arsenic and sulphur dissolved almost in equal amounts 
whereas the total concentration of these species was around 6 times higher than 
that of iron which was the case observed for pyrite. Therefore the pre treatment 
of arsenopyrite before flotation commenced improved the floatability as for the 
case of pyrite. Using Ca(0H)2 as a pH regulator was observed to impair the 
floatability considerably such that even when conditioning was applied the 
arsenopyrite recovery did not exceed 11.5% at 2.03*10-5 mol/1 collector 
concentration. The effect of calcium on the flotation of arsenopyrite should be 
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possibly due to the adsorption of calcium species on the surface, the case which 
was discussed before for pyrite. 
The adsorption isotherms of arsenopyrite (Figure 7.5) have different shapes 
depending on the pH. According to the Giles classification [1960] the shape of 
the adsorption isotherm of F1 onto arsenopyrite at pH 10 and 11 is similar to 
class L2 (Langmurian). At pH 4.5, however, the adsorption curve resembles H2 
classification in which case the affinity of the surfactant is so high that at low 
concentrations the complete adsorption of the solute occurs [Giles, 1960]. The 
adsorption levels off in all three cases indicating that all sites for collector 
attachment are occupied. 
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Figure 7.5. Adsorption isotherms for the Fl-arsenopyrite system. 
Arsenopyrite has a monoclinic crystal structure and shows a poor cleavage on the 
{101} surface [Klein and Hurlbut, 1985]. On the other hand the crystal structure 
of pyrite is cubic and it has also a poor cleavage on the {001} surface [Deer et 
al., 1965]. On grinding if it is assumed that all surfaces of arsenopyrite ({100}, 
{010}, {001} and {101}) and those of pyrite ({100}, {010} and {001}) are 
equally distributed, the number of the iron atoms exposed on the surface is 
calculated to be 6.82*10^^ and 7.03*10^^ for pyrite and arsenopyrite respectively 
when the unit cell configuration is taken into account (Figure 7.6). However, as 
the crystal structures of arsenopyrite was examined it is seen that the number of 
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iron atoms exposed is actually not that high. For pyrite whatever plane is taken 
into consideration the structure is the same on the adjacent side of that plane, 
hence the above calculation should be theoretically correct. On the other hand, 
in the case of arsenopyrite the situation is different. Let us assume that the 
crystal is cleaved through {001} surface so that nine iron atoms are exposed on 
the surface as seen in Figure 7.6. On the other side of that plane, however, only 
arsenic and sulphur atoms will be present on the surface. This hypothesis may be 
true for all crystal planes and the cleavage surface of arsenopyrite. Therefore the 
amount of iron exposed might be around 3.52*10^^, which is half of the value 
quoted above. A lower level of iron on the surface compared to pyrite could 
explain the reason why flotation of arsenopyrite is much poorer but not absent. 
During the preconditioning these arsenic and sulphur atoms possibly dissolved 
into the solution revealing the iron atoms beneath. 
In Figure 7.7 the amount of F1 adsorption on the surface of arsenopyrite is 
presented with respect to the pH of the solution. It is seen that the adsorption 
density shows a minimum around pH 9. The concentration of arsenic in the 
solutions was also presented in Figure 7.7. It is obvious that the amount of 
arsenic in the solution against pH follows the same trend as for the adsorption 
density. As the dissolution of arsenic increases, an arsenic deficient surface is 
obtained. 
Q Fk (a) (As (b) 
Figure 7.6. The crystal structure of pyrite (a) and arsenopyrite (b). 
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Figure 7.7. The adsorption density of F1 and the dissolution of arsenic with 
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On the other hand lower arsenic dissolution may mean deposition of oxidised 
arsenic species on the surface as was pointed out by Plaksin [1959], Buckley and 
Walker [1988-89] and Poling and Beattie [1984]. For this reason below pH 9 
increasing amount of arsenic dissolution enhances the adsorption of F1 by 
creating more iron sites. May be at pH 10 F1 adsorbed on the available iron sites 
in the beginning and then probably because of the deposition of oxidation 
products of iron and arsenic the system reached equilibrium more quickly at this 
pH (Figure 5.6) than at pH 11 (Figure 5.7). At equilibrium the adsorption 
density of F1 on the surface of pyrite at pH 11 is around 2.25*10-^ mol/m^ and 
on the surface of arsenopyrite at pH 10 is around 1*10-5 mol/m^ which is 
approximately half the value for pyrite. On the other hand the calculated amount 
of iron exposed on the surface of pyrite is 1.13*10-5 mol compared to 5.84*10-6 
mol for arsenopyrite again about half the value for pyrite. It is also seen that the 
collector amount on the surface is almost twice that of iron for both cases. 
Therefore it is strongly possible that at pH 10 the adsorption of F1 onto 
arsenopyrite did not proceed after the occupation of the available adsorption 
sites. The induction of flotation in acidic pH values is not in question for the 
same reason discussed earlier for pyrite. However, at pH points between 
approximately 3 and 5 the amount of adsorption is seen to exceed the theoretical 
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calculated amount to a great extent. This behaviour may also be explained by the 
excessive dissolution of arsenic accompanied by sulphur weakening the lattice 
structure and dislocating small islands of mineral from the surface with the 
collector on it by virtue of shaking action and continuously creating new 
adsorption sites. Consequently increasing concentration of F1 in the solution 
facilitates the release of arsenic (Figure 5.9). While the concentration of arsenic 
increases at pH 4.5, it tends to decline at pH 10 and 11. In alkaline solutions the 
adsorption of F1 may be favoured and so the surface is covered with collector 
impairing the dissolution of arsenic. Therefore the adsorption isotherm obtained 
at pH 10 can be suggested to be more realistic in terms of reflecting the real 
amount of adsorption on the mineral's surface. On the other hand desorption 
tests carried out on arsenopyrite showed no increase in the concentration of F1 in 
the solution. This finding as in the case of pyrite indicates absence of physical 
adsorption on the surface of arsenopyrite. It should be bom in mind that 
cleavage of the collector with the substrate can not be observed as an increase in 
the concentration unless the species are soluble. 
According to the electrophoretic mobility measurements of arsenopyrite against 
pH the i.e.p. was found to be around pH 5.4. The surface was as highly 
negatively charged as pyrite, therefore any deduction related to flotation which is 
based on the surface charge would not play any role on the separation of the two 
minerals. Furthermore it was previously discussed that surface charge does not 
have any effect on the induction of the flotation. Increasing the concentration of 
F1 did not change the E.M. at pH 10; for this reason it was further supported that 
ionic F1 did adsorb on the surface specifically. However, a slight increase in the 
E.M. measured at pH 5 indicated a weak adsorption of F1 ions. This finding 
suggests that the observed high collector consumption at acidic pH does not 
actually account for the real adsorbed amount on the surface. 
The kinetics of adsorption calculated in Appendix I suggest that the feeble 
flotation of arsenopyrite seen at pH 11 was probably due to the slow rate of 
collector adsorption (0.8*10-6 mol/m^hr). On the other hand the rate of 
adsorption on the surface of arsenopyrite at pH 10 within the first hour was 
5.5*10-6 mol/m^hr which is not a lot different from that of pyrite. However, the 
plots drawn in Figures A 1.1, A 1.2, A 1.3 and A 1.4 indicate that the initial rate of 
adsorption was substantially higher only in the case of F1 adsorption on pyrite at 
pH 11. The adsorption test run on pyrite at 5.06*10-6 mol/1 initial collector 
concentration verifies the above deduction (Figure Al. l) . Therefore the main 
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reason for the comparatively weak flotation of arsenopyrite at alkaline pH is the 
slow kinetics of collector adsorption on the surface due to the differences in the 
crystal structure. It should also be remembered that at pH 10 the amount of ionic 
collector species is still significant compared to the neutral molecules (Figure 
A2.2). The treatment of the surface by preconditioning renders the surface 
suitable for the collector adsorption to some extent and so flotation is improved. 
7.1.4. Separation Tests 
7.1.4.1. Hallimond Tube Flotation 
The Hallimond tube was used as a first stage in the process of separation. A 1 to 
1 mixture of pyrite and arsenopyrite was employed as a sample and the size 
fraction of -90+45 mm was utilised. When F1 was used as a collector the 
recovery of pyrite from the mixture slightly decreased (Figure 6.4) compared to 
the value obtained with pyrite only (for comparison take the sum of concentrate 
and middling). The presence of arsenopyrite in the system, by abstracting some 
of the collector in the solution, may have effected the floatability of pyrite, as 
may the increased pulp density. Doubling the amount of F1 in the solution 
increased the recovery of pyrite to some extent, indicating that the consumption 
of collector by arsenopyrite impaired the flotation of pyrite. On the other hand, 
the recovery of arsenopyrite (Figure 6.2) was a great deal less than that obtained 
for individual mineral flotation. It was also found that the pyrite recovery was 
comparatively low, as expected, when amyl xanthate was used as a collector at 
pH 11. Furthermore, the relative amount of pyrite remaining in the middling 
compared to that in the concentrate was significantly high. The lack of flotation 
at high pH was attributed to the decomposition and insufficient amount of 
dixanthogen [Tipman and Leja, 1975; Fuerstenau et al., 1971]. On the other 
hand during washing and second conditioning some dixanthogen may have 
desorbed leading to low floatability during the second stage flotation. 
The grade of pyrite in the concentrates which were produced using KAX and F1 
was more than 98%. In the case of KAX, the flotation pattern was somewhat 
divergent from that for F1 in which the overall floatability of arsenopyrite was 
considerably lower. Increases in the concentration of F1 caused more 
arsenopyrite to report to the middling. The arsenopyrite content of the 
concentrates was 2.2, 1.7 and 1.4% for 4.95*10-5 molA KAX, 1.01*10-5 mol/1 
and 5.06*10-6 mol/1 F1 respectively. Both collectors floated pyrite highly 
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selectively over arsenopyrite, yet when recovery was taken into consideration F1 
was superior to KAX. 
7.1.4.2. Bench Flotation 
The effect of a number of variables on the recovery, grade and separation 
efficiency were tested. A simulated artificial ore was prepared composed mainly 
of quartz (for the details of the experimental procedure refer to Chapter 6). It is 
for sure that bench flotation provides much more reliable results compared to the 
Hallimond tube in terms of applicability of the results to real situations. There 
are many factors rendering the results of bench flotation more realistic such as 
pulp density, particle size, rate of flotation gas, bubble size, hydrodynamic 
forces, the size of flotation cell, etc. 
The effect of F1 concentration on the recovery of pyrite and arsenopyrite is 
shown in Figure 6.8. It is noticeable that in order to obtain 90% pyrite recovery, 
the collector concentration in the solution had to be 5 times higher (see Figure 
4.8) compared to the Hallimond tube flotation. The increase in the recovery of 
arsenopyrite, on the other hand, was relatively sluggish. However, when the 
collector concentration was elevated to 5.06*10"5 mol/1, the floatability of 
arsenopyrite was observed to rise to around 80%. The selectivity of flotation, in 
the beginning, increased up to a certain value and then started to decline due to 
the improved arsenopyrite recovery (see Figure 6.5). A great deal of F1 was 
obviously consumed by pyrite (see Appendix I) thus inhibiting the flotation of 
arsenopyrite at low concentrations. 
In addition to the collector concentration other factors were also found to 
influence the behaviour of flotation greatly. It was found that the flotation 
recovery of arsenopyrite varied considerably as a result of using tap water, 
distilled water or grinding both minerals together (Figure 6.10). While the 
floatability of pyrite is not affected very much by these treatments, using distilled 
water and grinding together acted as an activator for arsenopyrite. The 
enhancement in the flotation of arsenopyrite with distilled water may be 
attributed to the lack of calcium ions. As was mentioned before using Ca(0H)2 
was found to be detrimental to flotation. It is possible that higher F1 
concentrations were required in the bench flotation tests due to employing tap 
water. Grinding pyrite and arsenopyrite together increased the flotation recovery 
of arsenopyrite to around 63% while the amount of pyrite floated shghtly 
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declined. The smearing of pyrite over arsenopyrite might have caused the latter 
mineral to behave like pyrite. On the other hand, around 70% of arsenopyrite 
reported from the first to the second concentrate when "ground together". 
Whereas in the case of separate grinding only 24% of the arsenopyrite refloated. 
The change in the flotation behaviour observed when grinding pyrite and 
arsenopyrite together is of utmost importance. Since in practical applications the 
whole of an ore is fed into the mill, problems may be experienced attaining 
targeted selectivity. 
Because of the entrapment of quartz and probably arsenopyrite, the pyrite grade 
of the concentrate dropped significantly compared to the Hallimond tube tests. 
Yet, when a single stage cleaning flotation was applied the pyrite grade of the 
concentrate improved remarkably while the proportion of arsenopyrite in the 
concentrate significantly decreased (Figure 6.11, flotation "D"). The way in 
which different treatments effect the performance of flotation is more clearly 
seen in Figures 6.6 and 6.7 where the results are shown in terms of selectivity. It 
can be seen that the best selectivity was obtained using tap water and it was 
further enhanced by applying cleaning flotation. 
7.1.4.3. Column Flotation 
Column flotation experiments were carried out in order to simulate plant 
operation in the laboratory environment. The effect of different variables was 
monitored and an attempt was made to establish the optimum conditions. It 
should be bom in mind that the column cell used was not a true a pilot plant unit. 
On the other hand using a column cell it should be possible to make 
extrapolations to the behaviour of similar industrial sized units. 
The initial tests conducted, using pyrite-quartz mixtures suggested that the higher 
the gas flow rate the better the recovery but the pyrite concentrate grade 
deteriorates. As the feed rate decreased, however, both recovery and grade 
increased. These findings are in accordance with expectations. Excessive gas 
flow rate will cause loss of interface between the pulp and the froth, negative bias 
and turbulent conditions in the column that will lead to poor selectivity and 
recovery. In this investigation 2.5 cm/s superficial gas rate was found to be 
optimum. F1 is not effective for quartz and any particles reporting to the 
concentrate are mainly due to entrainment. Concentrate samples taken at ten 
minute time intervals showed an improvement in the quality of the concentrate in 
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terms of recovery and grade as the flotation proceeded. While pyrite recovery 
and grade increased those values for arsenopyrite dropped. These findings 
suggest that the system was reaching an equilibrium; however, the experiment 
ceased before true equilibrium was attained. 
Using wash water increased froth stability and the recovery of pyrite and 
arsenopyrite but concentrate grades were not found to vary considerably. The 
most important aspect of using wash water is whether the bias water is positive or 
negative. The sign of bias water influences the performance of flotation such that 
if it is positive more arsenopyrite is rejected and the grade of pyrite improves. 
Flotation tests carried out with an arsenopyrite sample containing copper 
revealed that the presence of copper increased the arsenopyrite recovery more 
than 10 times compared to the sample containing no copper. This anomaly was 
most probably due to the fact that copper can form more stable complexes with 
chelating agents than iron does [Nicholls, 1992]. The ability of F1 to float 
copper-containing minerals is also known. 
The effect of F1 on the performance of flotation is shown in Figure 6.18 where it 
is seen that even more collector is needed in order to obtain acceptably high 
recoveries compared to the tests carried out with bench flotation. In fact 
throughout the column tests relatively poor recoveries were found. Since the 
sample used was the same, operational parameters which are completely different 
from those for bench flotation may be influencing system performance. The 
most important reason was probably the length of the column, which was shorter 
than that recommended for industry. A longer column can yield higher recovery 
values at lower collector concentrations because of increased residence times. 
The pyrite grade of the concentrate, on the other hand, was slightly better 
compared to the bench flotation (when no cleaning was applied) and less 
arsenopyrite reported. A thicker froth layer would be necessary to obtain cleaner 
concentrates. 
When the flotation was carried out at pH 10 instead of pH 11 a slight decrease 
was observed in the recovery of pyrite, while the floatability of arsenopyrite 
improved. This was unlike the result obtained with the Hallimond tube at pH 10 
where pyrite recovery was poor. The same behaviour was also reported for the 
grades of concentrate. The selectivity deteriorated noticeably and dropped from 
4.7 to 3.9. When KAX was used in conjunction with F1 some synergism was 
observed at pH 10 and recovery of both sulphides increased. However, the 
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presence of KAX in the pulp at pH 11 did not effect the flotation behaviour. The 
ability of KAX to float pyrite at around pH 10 was reported in Chapter 4 and 
may be responsible for the increase in the recovery. Yet the pyrite selectivity 
over arsenopyrite was 17% worse compared to the flotation at pH 11 in the 
presence of KAX. 
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7.3. Conclusions 
1. F1 provided the highest selectivity between pyrite and arsenopyrite among the 
other collectors investigated. The optimum pH for the best pyrite floatability is 
around 11 and according to Hallimond tube tests the flotation is strongly pH 
dependant. The peak point of the flotation for NaEX, KAX, S7 and F2B was 
observed to be around pH 4-5 and both minerals showed equally good 
floatability. 
2. The pK value of F1 is around 9.2 and at pH values above 9.2 the 
concentration of molecular F1 species increases, as does the flotation recovery of 
pyrite. The drop in the surface tension of F1 solutions beyond pH 8.2 is also an 
indication of presence of molecular species forming. 
3. Flotation is induced by the adsorption of molecular F1 species. There is no 
significant hydrophobicity at acidic pH values where F1 is ionised. Therefore, 
the amount of collector adsorbed on to the surface is not an important parameter 
to determine the surface hydrophobicity in acidic suspensions. 
4. According to the electrophoretic mobility measurements, F1 cations do not 
adsorb on the surface of arsenopyrite and quartz specifically. Consequently no 
change is observed in the electrophoretic mobility. However, some specific 
adsorption occurs on pyrite. Dodecylamine is capable of significantly changing 
the surface charge of pyrite and quartz due to specific adsorption. 
5. The surface charge of pyrite and arsenopyrite has no effect on the floatability 
of these minerals when F1 is used. 
6. Molecular species of F1 possibly form chelates with the Fe on the surface. 
Liberation of one of the hydrogen atoms from the structure of F1 is a prerequisite 
in order for the molecule to form a chelate complex with the surface. Therefore, 
flotation is induced readily beyond the pH value where molecular species are 
predominant. 
7. The adsorption rate of F1 on to pyrite is much higher relative to that on 
arsenopyrite at alkaline pH values, hence a differential flotation occurs in favour 
of pyrite leading to the separation of the two minerals. 
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8. Calcium has a detrimental effect on the flotation recovery of both pyrite and 
arsenopyrite, as does the tap water. Flotation is considerably increased if the 
mineral contains copper and, therefore, selectivity deteriorates greatly. In 
addition, grinding pyrite and arsenopyrite together also resulted in a very low 
selectivity. There is no effect of adding KAX on the recovery at pH 11, however, 
at pH 10 some synergism occurs as a result of using F1 and KAX together yet 
selectivity is negatively affected. 
9. When the column cell was employed a concentrate could be produced with 
76% pyrite and 16% arsenopyrite recovery which contained 67% pyrite. Unlike 
the results observed with the Hallimond tube, flotation could be achieved at pH 
10 in the case of the column cell. However, some decrease in the recovery of 
pyrite and the selectivity may be expected. 
10. The findings in this investigation indicate that separation of pyrite from 
arsenopyrite may be achieved using Fl. However, they do not guarantee a 
successful separation on an industrial scale. 
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7.4. Future Work 
1. How the flotation behaviour responds with respect to pulp potential using F1 
should be studied. In this regard voltammetric studies could be carried out in 
order to find out if any electrochemical reactions taking place between the 
collector and the surface species. 
2. It would be extremely constructive to determine the effect of calcium, copper 
and grinding together on the floatability on a scientific basis. 
3. It is of at most importance to identify adsorbed F1 species on the surface of 
pyrite and arsenopyrite under various conditions in order to shed more light on 
the mechanism of adsorption. 
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Appendix I 
When calculating the rate of the adsorption the following assumptions were 
made; no temperature change took place; the adsorption was independent of the 
adsorption sites at least during the first hour; no distinction was made between 
the ionic and molecular species in terms of FX concentration; and only adsorption 
reaction was assumed to be responsible for the drop in the concentration of the 
collector. The following equation was adopted in order to calculate the rate of 
the reaction. 
Where "v" is the rate of reaction, "A" is the amount of adsorption and "t" is time. 
However, since the observation is made for a relatively short time interval the 
equation A 1.1 may be rewritten as follows. 
V = ^ = A1.2 
At t2 - t i 
The reaction rates calculated for the first hour according to equation A1.2 are 
shown below. 
Pyrite pH 4.6: v=3.7*10'6 mol/m^hr 
Pyrite pH 11: v=7.3* 10'^ mol/m^hr 
Arsenopyrite pH 10; v=5.5*10"6 mol/m^hr 
Arsenopyrite pH 11; v=0.8*10"6 mol/m^hr 
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Figure Al . l . Abstraction of F1 at pH 11 with respect to time. 
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Figure A1.2. Abstraction of F1 at pH 4.6 with respect to time. 
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Figure A 1.4. Abstraction of F1 at pH 11 with respect to time. 
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Appendix II 
100 ml of 5.038*10-3 mol/1 F1 solution prepared using 99.5% pure reagent was 
titrated with 0.1 mol/1 NaOH solution. In order to avoid the effect of atmospheric 
CO2 and for stable pH readings the test solution was continously bubbled with 
nitrogen during the experiment. According to Figure A2.1 the equivalence point 
was found to be around pH 10.41+0.1 where the total amount of solution was 
105.5 ml and so the concentration of F1 was diluted to 4.775*10-^ mol/1. If 
much higher concentrations of F1 were employed the pH at the equivalence point 
would be determined much more accurately. However, due to the limited amount 
of pure F1 available, the experiment had to be carried out with a low 
concentration of collector. 
< 0.4 
9.6 9.8 10.0 10.2 10.4 10.6 
pH 
10.8 11.0 
Figure A2.1. The change in the pH of F1 solution with respect to alkaline 
added against the solution pH. 
Since F1 is a thioamine type cationic collector analogous to dodecylamine the 
base and acid dissociation of F1 can be written as in equations A2.1 and A2.2 
respectively. 
RNH2+H20< >RNH++OH A2.1 
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RNH J < > RNH2 + H+ A2.2 
the charge balance in the system considered is, 
[H+]+[RNH+]=[OH-] A2.3 
and the mass balance is, 
[RNH+]+[RNH2]=4.775*10-3 mol/1 A2.4 
The acid dissociation constant for equation A2.2 can be written as follows. 
K. A2.5 
[RNH+] 
Since the pH of the solution at the equvalence point is around 10.4, the 
concentration of H+ ion can be neglected in equation A2.3, therefore, 
[RNHJ]~[OH-]=2.57*10-4 mol/1 
According to equation A2.4 it follows that [RNH2] =4.518*10-3 mol/1 
When all the values are placed in equation A2.5, 
4.518*10-3*3.89*10-" 
2 .57*10^ 
So that pKa==9.17 is found. 
It should be noted that whenever the pK^ of F1 is mentioned throughout the 
thesis, it refers to the deprotonation of the RNH t^ species. 
Appendix II 162 
§ 
l.OOE-02 
l.OOE-03 -
l.OOE-04 
13 LOOE-05 
u 
l.OOE-06 
l.OOE-07 
g 
u C3 
o 
y l.OOE-08 f 
'g l.OOE-09 I 
a 
^ l.OOE-10 
12.0 
Figure A2.2. Calculated concentrations of the ionic and molecular species of 
F1 against pH at 1*10-3 mol/l collector concentration. 
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